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DISSERTATION ABSTRACT 
Biological nutrient removal was studied and modeled for a submerged membrane bioreactor 
(MBR) with anaerobic, anoxic, and oxic compartments with various recirculation schemes and rates, 
and solids residence times (SRTs). Laboratory studies were conducted in a 12 L lab-scale MBR plant 
consisting of anaerobic, anoxic, and oxic compartments with a submerged plate-frame membrane 
used for solid/liquid separation. The MBR was operated for over a year under 25 days SRT and 2 hrs 
anaerobic, 2 hrs anoxic and 8 hrs oxic HRTs. Five recirculation configurations were tested based on 
recirculation of oxic tank mixed liquor and permeate. Of the five configurations tested, the 
configuration with mixed liquor recirculation to the anaerobic compartment and permeate 
recirculation to the anoxic compartment gave the best results with removal rates achieved, on 
average, 92.3 ± 0.5% sCOD, 75.6 ± 0.4% TN, 71.5 ± 0.7 org-N, 62.4 ± 1.3% TP removal, and 
almost complete nitrification (97.7 ± 0.6%). When permeate and mixed liquor recirculation rates 
were varied within the same configuration, the highest TP removal was obtained with 300%/100% 
(mixed liquor/permeate) recirculation with 88.1 ± 1.3% TP removal while the highest TN removal 
(90.3 ± 0.3%) was obtained with 200%/300% recirculation. TN and TP concentrations as low as 4.2 
±0.1 mg/L and 1.4 ± 0.2 mg/L were obtained, respectively. The Biowin® AS/AD model was 
calibrated using one set of the experimental data and was found to predict the TN, TP and N03~ -N 
effluent concentration of MBR for varying recirculation configurations. Model kinetic parameters such 
as fermentation rate, anoxic growth factor, anaerobic growth factor of the heterotrophs and anoxic 
growth factor, anaerobic hydrolysis factor of the heterotrophs, anoxic growth factor, oxic endogenous 
decay rate of the PAO had the most impact on the effluent TN and TP. The calibrated anoxic 
heterotrophic yield, Mmax-autotroph, (Wheterotroph, and lw-pao were found to be 0.2 kg biomass COD/kg 
COD utilized, 0.45 (d1), 3.2 (d1), and 1.5 (d1), respectively. 
xi 
Varying the SRT in the MBR between 25 and 75 days impacted nutrient removal - with 77.9 
± 1.0% TN and 70.3 ± 0.8% TP for 25 days SRT, 80.6 ± 0.3% TN and 75.5 ± 1.4% TP for 50 days 
SRT, and 84.8 ± 0.5% TN and 61.5 ± 1.5% TP for 75 days SRT. Biowin® modeling of the data at 
various SRT provided an anoxic heterotrophic yield of 0.3 kg biomass COD/kg COD. pmax values for 
autotrophs, heterotrophs, and PAOs were estimated to be 1.2 d"1, 3.2 d"1, and 0.95 d"1, respectively. 
Other estimated kinetic parameters such as oxic endogenous decay rate, anoxic hydrolysis factor, 
anaerobic hydrolysis factor, and fermentation rate were found to be correlated to the SRT of the 
MBR. For example, Oxic endogenous decay rates of the autotrophs were 0.20 d"1 (for 25 days SRT), 
0.25 d"1 (50 days), 0.33 d"1 (75 days) while oxic endogenous decay rates of the heterotrophs were 
0.55 d"1 (25 days), 0.65 d"1 (50 days), 0.72 d"1 (75 days), and oxic endogenous decay rates of the 
PAOs were 0.10 d1 (25 days), 0.13 d1 (50 days), 0.17 d"1 (75 days). The estimated microbial kinetic 
parameters from Biowin® modeling for various SRTs predicted the experimental effluent quality at 
an SRT of 35 days. 
As part of the study on biological nutrient removal, a full-scale biological nutrient removal 
using a sequencing batch reactor system (SBR) treating municipal wastewater and wastewater from 
a salad dressing plant was investigated by varying the various sequences of the SBR and for warm 
and cold climate conditions. The first modified scheme, BNR-Sl, had a sequence of anaerobic, oxic, 
anoxic, and oxic conditions while the second modified scheme, BNR-S2 had a sequence of anaerobic, 
anoxic, and oxic conditions. The regular SBR (5 cycles/day) and the two proposed BNR-Sl (4 
cycles/day) and BNR-S2 (4 cycles/day) provided excellent sCOD and BOD5 removal (93 - 98%) 
despite the high variation in the wastewater composition during the study. Both BNR-Sl and BNR-
52, on average, provided 84 - 90% TN removal and 86 - 88% TP removal as compared to the 
regular scheme with 55% TN removal and 45% TP removal. Effluent concentrations for BNR-Sl and 
BNR-S2 were well below the discharge requirements with 14.2 ± 1.6 mg BOD5/L and 1.4 ± 0.3 mg 
NH3-N/L for BNR-Sl, and 7.8 ± 1.0 mg BOD5/L and 0.8 ± 0.1 mg NH3-N/L for BNR-S2. Without 
anaerobic/anoxic sequences, removals were 11.3 ± 2.5 mg BOD5/L and 1.5 ± 0.8 mg NH3-N/L. Final 
xii 
phosphorus concentrations were 1.5 ± 0.4 mg/L and 1.6 ± 1.5 mg/L for BNR-Sl and BNR-S2, 
respectively. Winter temperatures impacted TN and TP removal negatively from 89.4 ± 4.7% to 81.0 
± 1.4% and from 86.9 ± 9.3% to 70.4 ± 3.1%, respectively but did not impact sCOD and NH3-N 
removal. Power consumption based on treatment performance for the regular scheme and BNR-Sl 
were similar while BNR-S2 consumed about 35% less power on a per kg COD removed basis in 
comparison to the other two schemes. In summary, BNR-S2 seemed to have a slight edge over BNR-
Sl but due to the varying influent wastewater conditions, direct comparison of the schemes cannot 
be made. 
Keywords: Nitrification, denitrification, enhanced phosphorus uptake, recirculation, solids residence 
time, configuration, BioWin, modeling. 
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
1.1 INTRODUCTION 
Over the recent years, the implementation of stricter effluent discharge regulations involving 
discharge of nutrients, micro pollutants, and toxic compounds have driven the wastewater industry to 
consider new wastewater treatment technologies. One of the recent innovations is the membrane 
bioreactor (MBR) for treatment, recovery and recycling of wastewaters. Its wide range of 
applicability and flexibility in operation (Visvanathan et al., 2000), excellent effluent quality (Crawford 
et al., 2000), smaller plant size (Chiemchaisri et al., 1993), excellent microbial separation ability 
(Kolega et al., 1991, Langlais et al., 1992, Rouet et al., 1994), and low sludge production (Chaize and 
Huyard, 1991) are major advantages over conventional biological treatment processes. The 
versatility of the MBR system over conventional systems is demonstrated by its ability to operate at 
hydraulic retention time (HRT) as low as 1 hour and solids residence time (SRT) as high as 70-100 
days (Visvanathan et al., 2000). Mixed liquor suspended solids (MLSS) or biomass concentrations of 
35,000 mg/L can be maintained in the aeration tank resulting in high organic matter biodégradation 
rates under short HRTs of 1-3 hours (Stephenson et al., 2000). 
Stricter nutrient discharge requirements raise the question whether the MBR, with many 
advantages, can effectively remove nutrients (nitrogen and phosphorus) by adding various anaerobic 
and anoxic compartments to the MBR. Issues such as impact of long SRT or short HRT on biological 
phosphorus removal including the ability to model biological nutrient removal for these SRTs and 
HRTs need to be addressed. At long SRTs (25 - 75 days), since more biomass is retained within the 
reactor as compared to conventional systems, there is a possibility that less phosphorus may be 
removed. As such, there is a need to investigate the issues mentioned above for MBR systems and 
their incorporation into biological nutrient removal models for MBR. 
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Besides the MBR, another technology that can offer a flexible solution in removing nutrients 
from wastewater streams is the sequencing batch reactor (SBRs). SBRs have been used for 
carbonaceous material removal and nitrification and in the last decade have been used for nutrient 
removal. There are many bench-scale SBR studies showing nutrient removal but full-scale studies 
are lacking. It is imperative that existing SBRs can be modified easily or operated in a way that 
ensures desired effluent nutrient concentrations through schemes incorporating anaerobic, anoxic, 
and oxic sequences. 
The focus of this study was to investigate nitrogen and phosphorus removal in two 
wastewater treatment technologies - membrane bioreactors and sequencing batch reactors. The 
specific objectives were, (1) investigate the different recycling configurations that will optimize or 
favor nitrogen and phosphorus removal for a MBR with an anaerobic and anoxic compartment before 
the MBR, (2) investigate the impact of SRT on nitrogen and phosphorus removal, (3) use of the 
BioWin® model to calibrate and model the experimental results with the goal of obtaining important 
kinetic parameters, and (4) modifying the operating schemes of a full-scale SBR treating municipal 
wastewater and effluent from a salad dressing factory for nitrogen and phosphorus removal. 
1.2 DISSERTATION ORGANIZATION 
The thesis is organized into a total of six chapters with three appendices at the end. Chapter 
1 is an introduction to the work and it includes the objectives of this dissertation. Chapter 2 consists 
of the literature review encompassing information that are critical in providing a fundamental basis 
for the work presented for MBRs. A brief literature review on SBRs is included in Chapter 5 of this 
dissertation. Chapter 3 describes biological nutrient removal performance of the MBR under various 
recirculation configurations and rates for mixed liquor and permeate recirculation. Chapter 4 
discusses the impact of SRTs on biological nutrient removal performance of the MBR. Chapter 5 
entails modifications to the operating sequences of full-scale SBR treating municipal wastewater and 
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effluents from a salad-dressing plant for biological nutrient removal via two proposed schemes with 
anaerobic, anoxic, and oxic sequences. Chapters 4 and 5 also included modeling of the experimental 
results for biological nutrient removal using the BioWin® model. Chapter 6 provides the conclusions 
of the work presented and includes recommendations for future study. Appendix A is a summary of 
the raw data collected from the experiments detailed in Chapter 3, whereas Appendix B contains the 
raw data for experiments presented in Chapter 4. Appendix C contains the raw data for experiments 
presented in Chapter 5. Appendix D and Appendix E provide information on the Biowin® and 
computer simulations conducted in Chapters 3 and 4, respectively. 
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CHAPTER 2 
BIOLOGICAL NUTRIENT REMOVAL IN MEMBRANE 
BIOREACTORS: A CRITICAL REVIEW 
ABSTRACT 
Advantages such as excellent effluent quality, flexibility in operation, smaller plant size, and 
low biomass production give MBR a superior edge over conventional biological treatment processes. 
MBR can be operated at hydraulic retention times (HRTs) as low as 1 hour and solids residence times 
(SRTs) as high as 70 - 100 days making the MBR a flexible system over conventional systems. Mixed 
liquor suspended solids (MLSS) or biomass concentrations of 35,000 mg/L can be maintained in the 
aeration tank resulting in high organic matter biodégradation rates for short HRTs of 1 - 3 hours. 
With stricter nutrient discharge requirements, the question is whether the many advantages of MBR 
can be harnessed for biological nutrient removal by using various anaerobic, anoxic, and oxic 
manipulations. An important issue is whether the MBR operating at high SRTs or low HRTs may 
hinder biological phosphorus removal. Very few studies focused on the impact of SRTs on biological 
phosphorus removal. Longer SRTs are expected to hinder phosphorus removal since less mixed 
liquor is wasted in the process. Models on biological nutrient removal are needed to be calibrated for 
long SRTs and short HRTs. More important information is emerging and biological phosphorus 
removal is dependent on competition between glycogen accumulating organisms (GAOs) and 
phosphate accumulating organisms (PAOs) for poly-hydoxy-butyrates (PHBs) under anaerobic 
conditions. When the minimum pH in the anaerobic tank was higher than 7.5, the PHB uptake 
reached the maximum. Carbon-to-phosphorus (C/P) ratio was demonstrated to be a factor in 
biological phosphorus uptake such that for C/P ratios < 32, phosphorus removal efficiency is directly 
proportional to the C/P ratio. For C/P ratio greater than 32, phosphorus removal efficiency may be 
maintained at over 90%, and effluent phosphorus concentration may be less than 0.5 mg/L in a 
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typical anaerobic - anoxic - oxic (A2/0) process. MBR is becoming the standard treatment process 
replacing activated sludge system. 
Keywords: Membrane bioreactor (MBR), biological nutrient removal, wastewater treatment, 
nitrification, denitrification, enhanced phosphorus uptake. 
2.1 INTRODUCTION 
Current literature and prevailing practice have indicated that increased mixed liquor 
suspended solids (MLSS) concentrations or solids residence times (SRTs) along with short hydraulic 
retention times (HRTs) for biological treatment systems may result in lower capital and operating 
costs. Conventional activated sludge systems offer limited flexibility with respect to MLSS and SRT 
manipulation due to likely deterioration in biomass settling performance. To provide biological 
nutrient removal at required levels, these systems, in most cases, require additional reaction tanks. 
Over the last two decades, stricter effluent discharge regulations for nutrients and micro 
pollutants has been implemented due to adverse impacts of nutrients in the receiving water bodies 
such as eutrophication and deteriorated water quality. In some cases, the traditional activated 
sludge systems struggle to achieve the ammonia and total nitrogen limits set by United States 
Environmental Protection Agency (US EPA) (Reyne, 2002). 
Various wastewater treatment plants have been developed or modified to include biological 
nutrient removal processes by using combinations of anaerobic, anoxic, and oxic compartments to 
remove nutrients. Some of these include anaerobic - anoxic - oxic (A2/0) process, BardenPho (5-
stage) process, University of Cape Town (UCT) process, and Virginia Initiative Plant (VIP) process 
with various compartments in separate tanks/compartments typically up to 3 - 5 excluding clarifiers 
(Metcalf and Eddy, 1991). This led researchers to develop alternatives but more compact systems 
using single tanks for both carbonaceous matter and biological nutrient removal such as sequencing 
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batch reactor (SBR) (a single tank reactor with different cycle conditions), Biodenipho (oxidation 
ditches with three controlled compartments), and biofilm systems such as the biological aerated 
filters. 
These alternative systems have drawbacks as it is difficult to maintain the various anaerobic, 
anoxic, and oxic compartments under fluctuating hydraulic loading rates. Biodenipho process 
requires a large footprint and the capital costs are high in comparison to activated sludge systems 
(Cooper et al., 1994). SBR requires large hydraulic retention times (HRTs) and several tanks to 
handle flows in batch mode as compared to conventional systems (Cooper et al., 1994). In recent 
years, the focus has shifted towards membrane bioreactor (MBR) for carbonaceous removal as well 
as biological nutrient removal as MBR offers small footprint (elimination of clarifier) (Chiemchaisri et 
al., 1993), high biomass content, ability to handle a wide range of SRT and a relatively short HRT 
(Zhang et al., 1997), excellent removal of solids and organic matter (Crawford et al., 2000), excellent 
microbial separation abilities (Kolega et al., 1991, [anglais et al., 1992, Pouet et al., 1994), and low 
biomass production rate (Chaize and Huyard, 1991) as well as flexibility in operation (Visvanathan et 
al., 2000). 
All these advantages provide MBRs with worldwide popularity in wastewater treatment and, 
in most cases, compensating for fouling of the membrane commonly encountered in these 
applications. Therefore, application of MBR for the treatment of carbonaceous matter has emerged 
as a preferred wastewater treatment technology in recent years with more than 1,000 (>750 
municipal, >250 industrial) full-scale applications (Stephenson et al., 2000). One of the existing full-
scale MBR for treatment of municipal wastewater treatment is in Arapahoe County, Colorado with 
3,800 m3/d (1 million gallons per day - mgd) capacity providing excellent organics removal (Mourato 
et al., 1999). Running at an extended SRT of 50 days, this facility demonstrated the ability of the 
MBR to provide complete nitrification and successful operation at elevated mixed liquor suspended 
solids levels between 10 - 20 g/L. 
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The number of scientific studies on MBRs has also increased in recent years. There are 
significant issues about MBR application in wastewater treatment which need further research. 
These include fouling of membranes, modeling of the process, cost analysis, development of 
membrane modules and materials that minimize fouling with ease of operation, and nutrient removal. 
Some of the recent studies have focused on biological nutrient removal in MBR systems. There is 
varying data on nitrification and denitrification and limited information on phosphorus removal in MBR 
applications. In fact, although there is a growth in MBR for the treatment of municipal wastewaters, 
there are very few plants that are used for nitrogen and phosphorus removal. Studies on MBR have 
demonstrated excellent removal of carbonaceous material as well as nitrification. There is a need for 
more studies investigating biological nutrient removal in MBRs. Certainly, some modifications have to 
be made within the MBR systems to achieve adequate biological nutrient removal. Among these 
modifications are providing anoxic and anaerobic compartments within or outside the MBR. 
The primary focus of this review was to evaluate the basic concepts of biological nutrient 
removal and current development of MBRs for biological nutrient removal. 
2.2 FUNDAMENTALS OF BIOLOGICAL NUTRIENT REMOVAL 
Biological nutrient removal occurs through (i) denitrification of nitrates by denitrifiers with 
nitrification of ammonia to nitrate by nitrifiers and (ii) enhanced phosphorus uptake by phosphate 
accumulating microorganisms (PAOs). 
2.2.1 Nitrification 
Nitrification is the biological conversion of ammonium (NH4+) to nitrite (N02"), and finally to 
nitrate (N03") under oxic conditions. The conversion to nitrite is catalyzed by Nitrosomonas sp., and 
the conversion to nitrate by Nitrobacter sp. In practice, the kinetics of the overall process is limited 
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by Nitrosomonas sp., and nitrite is rapidly converted to nitrate by Nitrobacter sp. (Metcalf and Eddy, 
1991). During nitrification, NH4+ serves as electron donor, 02 as an electron acceptor, and C02 as 
carbon source. Because the cell yield is low, the nitrifiers produce very little energy during this 
process (Bitton, 1999). 
Dissolved oxygen (DO) concentration, temperature, influent NH3 and N02" concentrations, 
pH, and toxic compounds (heavy metals, disinfectants) affect nitrification performance (Eckenfelder 
and Grau, 1992; Wijffels et al., 1995). Studies show that DO concentration should be kept above 2 
mg/L (Reddy, 1998). Half saturation coefficient for DO in the Monod's equation is usually assumed to 
be 1.3 mg/L (Weon et al., 2004). However, this value could be as high as 4.5 mg DO/L during 
aerated react period (Munch et al., 1996). Nitrifying organisms are very temperature sensitive and 
optimum nitrification rates are only achieved when temperatures are above 15°C (Stark, 1996, Weon 
et al., 2004). The concentrations of ammonium and nitrite will affect the maximum growth rate of 
the microorganisms involved (Cheng et al., 1997). During start up of any process upset, nitrite might 
build up in the reactor (Villaverde et al., 2000). As for most microorganisms, pH should be kept 
between 6.8 and 9.0 (optimal pH - 7.5 to 8) (Skadsen, 2002). During nitrification, 4.3 mg 02 and 
7.14 mg alkalinity per mg ammonia oxidized are consumed resulting in pH drop (Metcalf and Eddy, 
1991). Nitrifiers are much more sensitive to toxic compounds (even some compounds that would not 
be toxic to any other microorganisms). Some of these are solvents, amines, proteins, tannins, 
phenolics, alcohols, cyanates, ethers, carbamates, benzene, metals (nickel, chromium, copper, etc.) 
and unionized ammonia (Gernaey et al., 1999; Juliastuti et al., 2003). 
2.2.2 Denitrification 
In the absence of dissolved oxygen, microorganisms will use nitrate as a terminal electron 
acceptor and convert it to nitrogen gas. Typical microorganisms that denitrify include 
Achromobacter, Aerobacter, Alcaligenes, Bacillus, Brevibacterium, Fiavobacterium, Lactobacillus, 
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Micrococcus, Proteus, Pseudomonas, and Spirillum (Metcalf and Eddy, 1991). Nitrate is used by 
denitrifiers for assimilation and dissimilation. Nitrate is assimilated into the cell for cell growth after 
reducing nitrate to ammonium. Dissimilation, however, entails the use of nitrate as an electron 
acceptor by facultative bacteria under anoxic conditions and organic material is used as a source of 
carbon. In many denitrification applications for municipal wastewater, an external carbon source is 
added to provide energy for nitrate reduction (post-denitrification) or the flow scheme is modified to 
allow the carbon source to come from the waste source (pre-denitrification) (Grady et al., 1998). 
Rapid denitrification is achieved when an external organic substrate such as wastewater or 
methanol is typically used. Substrate level denitrification is relatively rapid and proceeds typically at 
0.03 to 0.11 kg NO3" - N/kg VSS-d (Grady et al., 1998). The concentration of available substrate 
(food to microorganism ratio) and types of substrate will affect the denitrification rate (Gnirrs et al., 
2003). 
Slow denitrification occurs when bacteria use nitrate under conditions without an external 
substrate source, also known as endogenous-level denitrification. Endogenous-level denitrification is 
slow and proceeds typically at rates between 0.01 and 0.03 kg N03" - N/kg VSS/d (Grady et al., 
1998). Endogenous-level denitrification rates are related to SRT and the active mass fraction of 
denitrifying bacteria (Metcalf and Eddy, 1991). 
2.2.3 Enhanced Phosphorus Uptake 
Phosphorus is an integral part of the cellular metabolism needed for energy supply and 
biosynthesis. PAOs or bio-P microorganisms are oxic organisms that store low molecular weight 
volatile fatty acids and release inorganic phosphorus when subjected to anaerobic conditions. Some 
of the PAOs include Acinetobacter, Pseudomonas, Aerobacter, Moraxella, Escherichia coli, 
Mycobacterium, Beggiatoa. When these microorganisms are later subjected to oxic and anoxic 
conditions, they metabolize the stored fatty acids and uptake phosphorus. PAOs derive more energy 
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from stored fatty acids under oxic conditions, and therefore, uptake more phosphorus under oxic 
conditions than that released under anaerobic conditions (Bitton, 1999). This process is called 
"Enhanced Biological Phosphorus Uptake (EBPR)". 
ANAEROBIC OXIC 
*• Energy + Biomass i Non Bio_P 
Heterotrophs 
Substrate 
Fermentation 
.cetates 
Energy + p 
Bio P 
Non Bio_P 
Heterotrophs 
*• Energy + Biomass i \ Stored PHA 
Figure 2.1 Schematic diagram of enhanced biological phosphorus removal process (Adapted from 
Meganck and Faup, 1988) (PHA - poly-hydroxy-alkanoates) 
2.2.4 Combined Biological Nutrient Removal Processes 
For combined biological nutrient removal, the processes above are combined: (i) recirculation 
of nitrate to an anoxic compartment to allow use of the readily biodegradable substrate for 
denitrification, (ii) nitrification of ammonia to nitrate, (ii) selection of PAOs in an anaerobic 
compartment, and (iv) enhanced phosphorus uptake under oxic conditions. 
Nitrification and denitrification are the key transformations for nitrogen removal from waste 
streams. Nitrification/denitrification can be performed using suspended growth system or a fixed-film 
system. Carbon oxidation and nitrification can proceed readily in the same aeration basin for SRTs 
greater than 10 days. The oxygen demand for nitrification is significantly higher than systems for 
carbonaceous removal. The operator must consider a possible drop in pH due to consumption of 
alkalinity during nitrification (Metcalf and Eddy, 1991). 
11 
Denitrification in suspended growth systems can be readily achieved by creating 
compartments that are depleted of oxygen (anoxic compartment). If these compartments, without 
dissolved oxygen, are created at the feed end of the aeration basin, the organic substrate in the feed 
water provides the carbon source for denitrification, and substrate level denitrification will occur. If 
the denitrification compartment is created toward the end of the basin where the substrate level is 
low, endogenous-level denitrification will occur or an external substrate, such as methanol, can also 
be added. Continuous feed configurations that can extensively remove nitrogen include the Ludzack 
Ettinger process, the modified Ludzack Ettinger (MLE) process, and 4-Stage BardenPho process (U.S. 
Army Corps, 2001). Schematic diagrams of various processes are shown in Figure 2.1. 
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Figure 2.2 Schematic diagrams of biological nitrogen removal processes: Modified Ludzack-Ettinger 
process and 4-Stage Bardenpho process 
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MLE process has been extensively and successfully applied for nitrogen removal from high 
strength ammonium - containing wastewaters including leachate, winery, tannery, and piggery 
wastewaters (Bae et al., 2004; Carrera et al., 2004; Chang et al., 2004; Chung et al., 2004; Park et 
al., 2004). Phosphorus removal data in these configurations is often limited and are usually below 
65%. Therefore, incorporation of an anaerobic compartment is required. Some of the continuous 
processes developed for both nitrogen and phosphorus removal include anaerobic - anoxic - oxic 
(A2/0) process (Mulkerrins et al., 2000), five stage Bardenpho (anaerobic - anoxic - oxic) process 
(Solley and Armstrong, 2003), University of Cape Town (UCT) process with anaerobic - anoxic -
anoxic - oxic scheme (Hao et al., 2001), Virginia initiative Plant (VIP) process with anaerobic - anoxic 
- oxic scheme (Mayor et al., 2004), anaerobic - oxic - anoxic - oxic scheme (Chang and Ouyang, 
2000), modified Phostrip process with anoxic - oxic scheme (Kim et al., 2000), A2/0 with immobilized 
media (Gato et al., 2002), and Bi-Cyclic Two Phase (BICT) process for simultaneous biological 
nutrient removal (Huang et al., 2004). The BICT process consisted of an attached-growth reactor for 
growing autotrophic nitrifying bacteria, a set of suspended-growth SBRs for growing heterotrophic 
organisms, an anaerobic biological selector and a clarifier, which achieved over 80% TN and 90% TP 
removal (Huang et al., 2004). A similar process was proposed and investigated by Goto et al. (2002) 
based on A2/0 with immobilized media. A list and a comparison of available continuous biological 
nutrient removal processes are summarized in Table 2.1. 
Table 2.1 Comparison of available continuous biological nutrient removal processes using single oxic 
tank system* (Adapted from Grady et al., 1998) 
Nitrogen Phosphorus Reactor System 
Process Removal Removal Volume Control Remarks 
A2/0 Good Moderate Moderate Simple 
High level N removal 
not generally possible 
VIP, UCT Good Good Moderate Complex An additional mixed 
liquor recirculation 
step required 
5-Stage Excellent Moderate to poor Large Simple Too many basins 
BardenPho 
"All systems offer reduced oxygen requirement, alkalinity recovery, and good solids settleability. 
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2.3 BIOLOGICAL NUTRIENT REMOVAL IN MEMBRANE BIOREACTORS 
There are very few studies with MBR for combined biological nutrient removal and the 
dynamics of nutrient removal in MBRs are not explored in terms of the impact of SRTs, HRTs, 
recirculation rate, and ratios of carbon-to-nitrogen (C/N) and carbon-to-phosphorus (C/P) in the feed. 
In light of some of the above operating conditions, researchers are now focusing on possible MBR 
schemes that will provide high efficiency combined biological nutrient removal in smaller reactor 
volumes with low rate biomass production. Table 2.2 provides a summary of the recent studies on 
biological nutrient removal for MBRs using single oxic tank system. In Table 2.2, excellent 
carbonaceous organic matter removal and nitrification with MBR applications have been reported. 
However, most of these studies were treatability studies, where the impact of operating conditions 
(recycle rate, solids residence time, hydraulic retention time, C/N and C/P ratios) on biological 
nutrient removal was not the primary focus. In these studies, 95-99% removal of COD, BODs, and 
TKN were reported. Nitrification and denitrification rates were 96-99% and >99%, respectively, 
corresponding to 70-88% removal as total nitrogen. Phosphorus removal, on the other hand, is very 
limited with a few studies reporting between 40% and 99% removal. Solids residence time, in these 
studies, ranged from 5 days to infinity, whereas HRTs were 4-24 hours. 
Table 2.2 Summary of biological nutrient removal in MBR applications using single oxic tank system 
Loading 
Membrane Membrane (kg/kg MLSS HRT SRT Removal 
Wastewater Scale System Operation SS/d) fg/L) (hours) (days) (%) Reference 
Municipal Pilot Submerged 
Hollow fiber 
13.9 m2 
18 IVm2/hr 
TMP = 30 kPa 
0.07 as COD 18-20 10.4-15.6 OO COD 
TKN 
TN 
95% 
99.9% 
82% 
Rosenberger et 
al. (2002) 
0.2 |xm 
75-150 L/m2/hr/ Synthetic Pilot Ceramic NA 23.1 5 5 COD 97% Xing et al. (2001) 
0.04 m2 4-5 IVm2/hr/kPa 13.53 15 NH3 96.2% 
300 kDa MWCO 30 SS 99.9% 
0.02 urn 
50-100 L/mz/hr Synthetic Pilot NA 0.83 as COD* NA 4-7.5 5-30 COD 
NH3 
SS 
95% 
97.7% 
100% 
Xing et al. (2000) 
Synthetic Pilot 0.2|im 
14 m2 
NA 0.06-0.09 
as COD 
15-23 10-16 œ COD 
NH3 
TN 
TP 
SS 
95% 
98% 
88% 
53% 
Rosenberger et 
al. (2000) 
Synthetic Pilot Submerged 
Hollow fiber 
0.4 nm 
225 ml 
50 m3/d NA 10 24 >400 BODs 
COD 
TN 
95% 
80% 
>90% 
Ogoshi and 
Suzuki (2000) 
Synthetic Pilot Ceramic 
0.8 m2 
300 kDa MWCO 
0.02 nm 
NA 0.124 as 
COD* 
0.016 as 
TKN* 
NA 6 30 COD 
TKN 
NH3 
TP 
SS 
99% 
97% 
99% 
99% 
99.9% 
Cicek et al. 
(1999) 
Municipal Pilot Ceramic 
0.02 gm 
1.4 m2 
NA 0.18 as COD 
0.24 as COD 
0.41 as COD 
NA 7.5 NA COD 
TKN 
NH3 
TP 
90% 
99.9% 
99% 
50% 
Urbain et al. 
(1998) 
* As volatile suspended solids (VSS), a - Mixed liquor volatile suspended solids (MLVSS), NA - Not available 
Table 2.3 Summary of MBR schemes specifically for combined biological nutrient removal 
Loading 
(kg/kg MLSS HRTTNTAL SRT Removal 
Configuration Scheme MLSS/d) (g/L) (hours) (days) Parameter IN OUT (°/o) Reference 
Synthetic Anaerobic NA 1.4-3.5 3 20 COD 300 3 99 Patel et al. (2005) 
Bench-scale Anoxic 2.0-4.6 3 sCOD 293 3 99 
Submerged Oxic 2.1-5.5 6 TN 27 6.5 76 
Hollow fiber TP 5 0.2 96 
Municipal Anaerobic 0.14-0.22 6-6.5 3.7 15 COD 998 35.7 96.4 Adam et al. (2003) 
Bench-scale Anoxic as COD 8.5 TN 69.7 9.2 86.8 
Submerged Oxic 8.8 NH3-N 41.3 0.5 98.8 
Pillow module N03--N 
TP 
0.42 
10.5 
6 
0.1 
NDA 
99 
Municipal Anaerobic 0.14-0.22 6-6.5 3.7 15 COD 653 31.4 95.1 Adam et al. (2003) 
Bench-scale Oxic as COD 8.5 TN 60 6.2 89.6 
Submerged m. Anoxic 8.8 NH3-N 39 0.1 99.9 
Pillow module NO3-N 
TP 
0.3 
8.4 
4.4 
0.1 
NDA 
99.2 
Municipal Anaerobic 0.1 as COD 10-12 18 26 COD 740 32 95.7 Lesjean et al. (2002) 
Pilot-scale Anoxic TN 61 11 81.9 
Submerged Oxic NH3-N 43 < 0.5 98.8 
Plate-frame TP 9.1 0.06 99.3 
Municipal Anaerobic 0.1 as COD 10-12 18 26 COD 740 35 95.3 Leg'ean et al. (2002) 
Pilot-scale Oxic TN 61 3.6 94.1 
Submerged Anoxic NH3-N 43 < 0.5 98.8 
Plate-frame TP 9.1 0.07 99.2 
Municipal Anaerobic 0.22 5-18 3.7 25 COD 998 39 96 Adam et al. (2002) 
Bench-scale Oxic as COD 8.5 TN 70 9.2 87 
Submerged m. Anoxic 8.8 NH3-N 41 0.5 99 
Pillow module NO3--N 
TP 
0.4 
10.5 
6 
0.1 
NDA 
99 
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In contrast to the studies listed in Table 2.2, there are only a few studies using MBR systems 
with a series of anaerobic-anoxic-oxic scheme to provide for both nitrogen and phosphorus removal. 
A summary of schemes used in MBR applications specifically for biological nutrient removal is 
provided in Table 2.3. 
MBR can retain all the biomass and can therefore be operated at long SRTs and high 
suspended solids concentrations with benefits of possible minimization of the phosphorus content in 
the solids and growing bacteria with low growth rates, such as nitrifying bacteria (Hasar et al., 2002). 
Hence, complete nitrification is observed in MBRs provided that oxygen and hydraulic retention 
requirements are met (Kishino et al., 1996; Delgado et al., 2002; Shin and Kang, 2004). PAOs can 
survive starvation conditions due to their stored PAO as accumulated energy source which is an 
advantage over other microbial species (Ubukata and Takii, 1998). However, enhanced biological 
phosphorus removal may be limited in MBRs due to high SRT operation (Rosenberger et al., 2000). 
For conventional activated sludge processes, phosphorus contents are observed in the range 
of 1 - 2% of the total solids (TS) whereas enhanced biological phosphorus removal (EBPR) mixed 
liquor contains generally more than 2% phosphorus of the TS and can reach values of 5% 
phosphorus of the TS (Schôn and Jardin, 2001). Although we have a fairly good understanding of 
EBPR for the conventional activated sludge process, EBPR for MBR has not been optimized due to the 
fact that MBR are operated at long SRTs, high suspended solids concentrations, and short HRTs. As 
phosphorus must be removed via excess mixed liquor wasting, the resulting phosphorus content in 
the mixed liquor is directly dependent on the SRT (Adam et al., 2002). 
SRT significantly affects the behavior of biological nitrogen and phosphorus removal. The 
mixed liquor has a high efficiency in utilizing poly hydroxy alkanoates (PHAs) for phosphorus uptake 
in anoxic stage under low COD/SS loading conditions (0.25 - 0.50 kg COD/kg MLSS). The ratio of 
phosphorus uptake and PHAs utilized (rP/PHA) may range from 0.1 to 1.0 mg-P/mg-PHA (Chuang et 
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al., 1998). Therefore, adequately controlling the process during anoxic phosphorus uptake, i.e., 
using nitrate as an electron acceptor and low COD/SS loading, may promote biological nutrient 
removal. In nitrogen removal, nitrification by autotrophic nitrifiers is usually limiting and requires 
SRTs longer than 10 days and DO content more than 2 mg/L (Chuang et al., 1997). Cote et al. 
(1997) demonstrated the impact of varying SRTs on nitrogen removal performance, however, failed 
to analyze the impact on phosphorus removal. 
MBR systems are often operated at high SRTs (20 -35 d) and can be even as high as 50 
days. Long SRTs may have consequences on biological nutrient removal. Assuming that all 
conditions required for the development of PAOs are matched, the mixed liquor phosphorus content 
may increase with increasing SRT until the phosphorus uptake capacity of the population is reached. 
However, the effluent phosphorus concentration will increase before the maximum capacity of the 
mixed liquor is reached (Adam et al., 2002). As such, there may be an optimum SRT needed for 
biological nutrient removal in an MBR. 
Longer SRTs would result in a different microbial culture that may impact phosphorus 
removal. Studies have shown that the microbial floe in MBR tends to be fine and disperse as 
compared to conventional activated sludge systems. Bioflocs seen in conventional activated sludge 
systems have a mean size of 20 pm where bioflocs in MBR have a mean size of 3.5 pm (Cicek et al., 
1999). Under these conditions, composition of the microbial ecology of the mixed liquor along with 
the presence of PAOs is unknown. Other factors that may have an impact on nitrification and 
phosphorus removal include the increase in soluble microbial products that are typically enhanced in 
MBR systems. 
Besides the relationship between phosphorus removal and SRT, the quality of the raw water 
(carbon-to-phosphorus ratio) also influences the phosphorus content in the mixed liquor. An 
increasing BOD/P ratio leads to lower phosphorus content because high BOD consumption results in 
an increased biomass growth and consequently in a lower TP/TS ratio for the same volumetric 
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phosphorus load (Adam et al., 2003). The researchers concluded that, at the lowest TSS/BOD and 
BOD/P ratios (0.4 and 20), the phosphorus content already reached values above 10% P/TS for 
moderate SRT of 15 days which are required for satisfactory nitrification performance. On the other 
hand, low phosphorus content compared to that of normal growth can be observed if the influent 
parameters with the highest TSS/BOD and BOD/P ratios (1.3 and 40) were considered. Recent 
studies indicated that PAOs undergo competitive conditions with glycogen accumulating organisms 
(GAOs) at high SRTs (>20 d) resulting in a decreasing phosphorus removal performance (Wang et 
al., 2002). These indications tend to show that SRT and phosphorus content can only be increased 
within a certain range depending on the wastewater characteristics. 
For biological nutrient removal systems, total phosphorus - to - total solids (TP/TS) fraction 
(typically 2-5%) may be a good indicator for whether the full bio-P removal potential of the mixed 
liquor is reached. In MBR configurations for biological nutrient removal, this fraction can be as high 
as 8% (Adam et al., 2002). Adam et al. (2002) achieved enhanced phosphorus uptake (99% 
removal) at 15-25 days SRT and MLSS concentrations of 5 to 18 g/L. Calculation of excess biomass 
production showed that about 50% of phosphorus removal was related to normal biological growth. 
Different operation conditions are tried to optimize bio-P removal in MBR such as pre-denitrification 
(anaerobic-anoxic-oxic) or post-denitrification (anaerobic-oxic-anoxic). Adam et al. (2003) tried both 
EBPR configurations described earlier in their MBR and concluded that phosphorus uptake was similar 
in both configurations (99% vs. 99.2%) and TN removal was higher in post-denitrification (87% vs. 
90%). However, anoxic phosphorus uptake in pre-denitrification was dominant over that of oxic 
phosphorus uptake in post-denitrification configuration, phosphorus uptake in the oxic compartment 
is the enhanced Bio-P process traditionally encountered in conventional activated sludge plants. 
As in every biological treatment process, availability of organic carbon as a carbon and 
energy source is one of the most essential factors for the microorganisms. Complete denitrification 
may require a COD/TKN of 7 for domestic wastewater treatment (Barnard, 1992). For both biological 
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nitrogen and phosphorus removal, however, a minimum value of 9 is generally required (Pochana 
and Keller, 1999). Isaacs and Henze (1995) indicated that 1.5 - 2.5 g COD/g phosphorus is used for 
phosphate removal whereas the COD/N ratio for denitrification is in the range of 3.5-4.5 g COD/g N. 
When nitrogen removal is focused, the HRT of the anoxic tank may be the key factor for a 
given wastewater. If the anoxic phase becomes too short, complete denitrification cannot be 
accomplished. The minimum time length for anoxic phase required for complete denitrification 
depends on the C/N ratio of the influent. Maintaining a high mixed liquor volatile suspended solids 
(MLVSS) in the process appears to enhance denitrification as well as nitrification. When the carbon 
source is not limited, the overall denitrification rate is high and the time required for denitrification is 
shortened. When the carbon source becomes limited, the nitrate level in the effluent can still be 
significantly reduced by endogenous denitrification (Yeom et al., 1999). 
Some of the recent research studies have focused on modifying existing processes with 
membrane for the removal of nitrogen and phosphorus (Lesjean et al., 2002), and with intermittent 
aeration (Yeom et al., 1999; Hasar et al., 2002). In most cases, membrane modified processes 
achieved higher nitrification and/or denitrification efficiencies than that of the conventional activated 
sludge system because of the retention of nitrifiers, which grows slower than the heterotrophic 
bacteria (Shin et al., 2004; Delgado et al. 2002). However, Kishino et al. (1996) observed rapid 
decrease of nitrification and denitrification even under long SRTs for temperatures below 13°C. 
Thus, maintaining the required SRT is one of the factors for nitrogen removal along with other 
parameters such as pH, TN or ammonia loading rate and temperature. 
Under similar operation conditions of SRTs and mass organic load, the MBR system achieved 
slightly higher phosphorus removal than the conventional technology. This is generally attributed to 
the rejection of particles and colloids through the microfiltration membrane. When spiked with 
phosphate, high Bio-P removal of up to 35 - 40 mg/L could be achieved without addition of external 
carbon source, and TP/TS stabilized around 7.5% (Lesjean et al., 2002). 
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2.4 KINETIC MODELING FOR COMBINED BIOLOGICAL NUTRIENT REMOVAL 
There are several models established to predict transient - state and steady - state 
performance of biological wastewater treatment systems in terms of biological nutrient removal (see 
Table 2.4). 
Table 2.4 Kinetic models for biological nutrient removal in biological wastewater treatment systems 
Model Developed by* Reference 
University of Cape Town (UCT) model (UCTPHO) UCT 
Activated Mixed liquor Model No: 2 (ASM2) IWA 
Activated Mixed liquor Model No: 2d (ASM2d) IWA 
BioWin® Model Barker and Dold 
Delft - based research group models NA 
Wentzel et al., 1992 
Henze et al., 1995 
Henze et al., 1999 
Barker and Dold (1997) 
Kuba et al., 1996 
Smolders et al., 1994,95 
UCT-University of Cape Town, IWA-International Water Association, NA-Not Available 
Among these, the Activated Sludge Models (ASM2 and ASM2d) and BioWin® (ASM2 based 
model) are commonly applied for kinetic modeling of biological nutrient removal in biological 
wastewater treatment systems. There are quite a number of studies conducted with these kinetic 
models for biological nutrient removal (Hao et al., 2001, Manga et al., 2001). However, to our 
knowledge, these models have not yet been extensively applied to MBR biological nutrient removal 
systems. These models can really help optimize existing treatment systems in terms of biological 
nutrient removal (Solley and Barr, 1999, Stevens et al., 1999). A major issue in using these models 
is the calibration of the models for a given range of operational parameters and the need to 
characterize the influent wastewater. Once the model is calibrated, optimization of the defined 
process can be assessed followed by a verification study for a different set of operational parameters. 
These are true provided that the kinetic behavior of the microorganisms involved do not change 
under any given operating condition such as extended SRTs above 25 days, high MLSS 
concentrations and low HRTs. 
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2.5 FURTHER STUDIES 
Although the MBR technology has been extensively studied using a wide range of different 
wastes, the majority of issues addressed were related to treatability and removal efficiency. The 
impact of recirculation of unsettled mixed liquor in MBR systems as compared to settled mixed liquor 
recirculation in conventional biological treatment systems needs to be studied. The recirculation of 
mixed liquor in MBR may have a great impact on biological nutrient removal performances in MBR 
since the mixed liquor from oxic tanks would include high nitrate concentrations. MBR has an edge 
over conventional systems for carbonaceous matter degradation at relatively high volumetric loading 
rates as well as low sludge production rates due to applicability of long SRTs. However, long SRTs 
may have an impact on biological nutrient removal and the relationship between long SRTs and 
impact on nutrient removal is not known. Very little research has been conducted on the microbial 
population in the MBR and its response to various nutrient conditions. The effect of limited and 
excess concentrations of nitrogen or phosphorus in the wastewater to be treated in MBRs was not 
investigated in previous studies. Also, the impact of shock loads of nutrients or toxic compounds on 
the operational performance and biological efficiency of MBRs remain unknown. This information 
could be essential in the application of MBRs with wastewater susceptible to variations in phosphorus, 
nitrogen, and toxic compounds. Examples would include effluents from industries producing specialty 
chemicals, such as fertilizers and wastewater contaminated by agricultural runoffs. In addition, 
soluble microbial products (SMPs) as well as exocellular microbial products (EMP) may be 
concentrated in the bioreactor due to the rejection by the membrane unit and the impact of these 
products in the long run is unknown and needs to be investigated as well. For example, the 
percentage of these organic solids to MLSS concentrations may increase from 9% (5 - day SRT) to 
27% (20 - day SRT) (Nagaoka et al., 1998). 
As in all systems, cost is a major issue in the applications of MBR. Focus should be on cheap 
membrane materials and designs that minimize fouling as well. On the other hand, it is also 
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necessary to understand the microbial ecology since high SRTs are used as compared to conventional 
treatment systems. MBR application is somewhat able to overcome the problems associated with 
toxicity and low biodegradability of wastewater content, especially in the case of oily wastewaters. 
Fundamental studies towards fouling and fouling prevention such as the investigation of physical, 
chemical, and microbiological factors affecting the detachment of cake layer (biofilm) from membrane 
surfaces are needed. Studies towards new modules and membrane materials providing easier 
operation, higher resistance to fouling, and lower capital and operating cost would enhance the 
application of this process. Kinetic studies related to microbiological performances should be carried 
out as well. This would promote MBR applications as fundamental studies would make the 
researchers, consultants, and operators understand more about the MBRs. 
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CHAPTER 3 
COMPARISON OF RECIRCULATION CONFIGURATIONS IN A 
MEMBRANE BIOREACTOR FOR BIOLOGICAL NUTRIENT 
REMOVAL 
ABSTRACT 
This study evaluates the treatability of a simulated wastewater in an MBR with anaerobic, 
anoxic, and oxic configurations and various recirculation schemes. A 12 L lab-scale MBR plant was 
used consisting of anaerobic, anoxic, and oxic compartments with a plate-frame membrane used for 
solid/liquid separation. The MBR was operated for more than a year under 25 days SRT and 2 hrs 
anaerobic, 2 hrs anoxic and 8 hrs oxic HRTs with various recirculation configurations of oxic tank 
mixed liquor and permeate. A total of 5 different recirculation configurations were tested. Of the 
five configurations, the configuration with mixed liquor recirculation to the anaerobic compartment 
and permeate recirculation to the anoxic compartment was found to provide the highest percent 
removal with an average 92.3 ± 0.5% sCOD, 75.6 ± 0.4% TN, 71.5 ± 0.7 org-N, 62.4 ± 1.3% TP 
removal, and almost complete nitrification (97.7 ± 0.6%). When permeate and mixed liquor 
recirculation rates were varied within the same configuration, the highest TP removal was obtained 
for 300% mixed liquor recirculation and 100% permeate recirculation (300%/100%) with 88.1 ± 
1.3% TP removal while the highest TN removal (90.3 ± 0.3%) was obtained for 200%/300% 
recirculation. TN and TP concentrations as low as 4.2 ±0.1 mg/L and 1.4 ± 0.2 mg/L respectively 
were obtained. Mass loading rates were generally low in the range of 0.11 - 0.22 kg COD/kg MLSS/d 
due to high biomass concentrations within the reactor (approx. 8,000 mg/L). Volumetric loading 
rates as high as 0.46~0.91 kg COD/nf/d were achieved. The Biowin® model was calibrated against 
one set of experimental data and was found to predict the experimental data of effluent TN, TP and 
NO3 - N for various recirculation rates. The kinetic parameters based on the calibrated model were 
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0.2 kg biomass COD/kg COD utilized for anoxic heterotrophic yield, 0.45 day"1 for iw-autotroph, 3.2 
day for Pmax-heterotroph / and 1.5 day for Mmax-PAO . 
Keywords: Nitrification, denitrification, phosphorus uptake, anaerobic, anoxic, oxic, recirculation, 
configuration. 
3.1 INTRODUCTION 
Removal of carbonaceous organic matter in wastewater continues to be a pressing issue but 
the control of nutrients discharge into the environment has gained importance over the last decade. 
New technologies are being sought to achieve strict effluent discharge requirements for nutrients 
(nitrogen and phosphorus) and micro pollutants, which have adverse impacts such as eutrophication 
and deteriorated water quality in the receiving water bodies and the reuse/recycle of wastewater. In 
certain watersheds, U.S. Environmental Protection Agency (USEPA) has imposed strict total nitrogen 
limits and phosphorus such that conventional activated sludge systems are unable to meet. 
Biological nutrient removal processes apply various combinations of anaerobic, anoxic, and 
oxic manipulations to remove nutrients. Some of these processes include the A2/0, BardenPho (5-
stage), UCT, and VIP with various compartments in separate tanks/compartments typically up to 3 -
5 excluding clarifiers (Metcalf and Eddy, 1991). Over the last decade, researchers have explored 
alternative but compact systems with less number of tanks for both carbonaceous matter and 
biological nutrient removal. One of the technologies explored is the membrane bioreactor (MBR). 
MBRs have several advantages over conventional biological systems such as small footprint 
(elimination of clarifier) (Chiemchaisri et al., 1993), high biomass content, ability to handle a wide 
range of solids residence times (SRTs) and relatively short hydraulic retention times (HRTs) (Zhang et 
al., 1997), excellent removal of solids and organic matter (Crawford et al., 2000), excellent microbial 
separation abilities (Kolega et al., 1991, Langlais et al., 1992, Pouet et al., 1994), low rate biomass 
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production (Chaize and Huyard, 1991), and flexibility in operation (Visvanathan et al., 2000). There 
is already a vast amount of data on nutrient removal for conventional systems but only limited 
information on the applicability of MBR for phosphorus removal. It can be inferred from data for 
conventional biological nutrient removal systems that MBR will achieve similar nutrient removal if 
operated under the same conditions as conventional biological nutrient removal systems. However, 
operating the MBR under conventional operating conditions will negate the advantages of MBR such 
as long SRTs, short HRTs, and high biomass content. On the other hand, not much is known about 
the impact of recirculation of the mixed liquor and permeate on biological nutrient removal. As such, 
there is a need for in-depth studies investigating the typical operating conditions of MBR for biological 
nutrient removal. Certainly, some modifications have to be made within the MBR systems to achieve 
adequate biological nutrient removal (N and P). These modifications include providing an anoxic and 
anaerobic compartment along with mixed liquor and permeate recirculation (Adam et al., 2003). 
Recirculation of the mixed liquor and the permeate into the various compartments is important in 
order to achieve nutrient removal targets. Kinetic model application may provide researchers with 
less time consuming experimental work by quantifying the possible changes in microbial behaviour 
through predicting kinetic parameters such as specific growth rates, endogenous decay rates and 
stoichiometric parameters such as microbial yield. 
The primary focus of this study was to evaluate the integration of an anaerobic and oxic 
compartment within a submerged membrane bioreactor and to investigate various mixed liquor and 
permeate recirculation configurations for biological nutrient removal. Recirculation consists of 
returning the mixed liquor and/or the permeate into the anaerobic and/or anoxic compartments. In 
addition, the experimental data were calibrated and modeled using the Biowin® model. The purpose 
of the modeling was to determine the anaerobic, anoxic, and oxic kinetic parameters for a MBR 
biological nutrient removal system and their relative importance and impact on the predicted results. 
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3.2 MATERIALS AND METHODS 
3.2.1 Experimental Setup 
Experiments were conducted with a bench-scale MBR with an anaerobic/anoxic compartment 
before the oxic compartment and with typical recycle lines as shown in Figure 3.1. The bioreactor 
was made of Plexiglass™ and had a total operating volume of 12 liters (4 L for the anaerobic/anoxic 
and 8 L for oxic compartments). In the design of the MBR, the approach was to make a system as 
compact as possible by using only two tanks with one tank providing both anaerobic and anoxic 
zones. The system had a submerged plate-frame membrane module. The dimensions of the reactor 
were 10 cm wide by 35 cm long (10 cm for the anaerobic/anoxic compartment and 25 cm for the 
oxic compartment) and 50 cm deep. Air was introduced using filtered in-house compressed air via 
air diffusers placed at the bottom of the oxic compartment of the reactor for microbial metabolism 
and to create turbulence as a fouling control measure. The air and liquid flow rates were measured 
using Gilmont ball flow meters (Barrington, IL). To create the anoxic compartment, a portion of the 
volume of the anaerobic/anoxic compartment was mixed gently from the top using a variable speed 
mixer. 
The synthetic wastewater was fed into the bioreactor using a Cole-Parmer (Model 7553-30) 
pump. For solid/liquid separation purposes, a double-sided plate-frame cellulose membrane (Kubota 
Co., Japan) with a nominal pore size of 0.2 pm and 0.15 m2 of filtration area was used (See Table 3.1 
for specifications of the membrane module). Constant permeate flux was maintained by another 
Cole-Parmer (Model 7553-70) pump, which was placed at the permeate outlet. The plate-frame 
module was operated for 15 minutes followed by 15 minutes of idle. In this mode, no backwashing 
of the membrane was required. The operational cycles of filtration run and idle periods were 
controlled using a ChronTrol® microprocessing timer. The reactor was equipped with water level 
sensors to maintain a constant volume in the bioreactor. Mixed liquor wasting was done manually on 
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Table 3.1 Specifications of the membrane module 
Parameter Specification 
Maximum Temperature 80 °C 
Table 3.2 Ingredients and composition of the synthetic wastewater 
Ingredient Concentration, 
mg/L* 
Calcium sulfate 40 
Magnesium sulfate 4 
Ferric chloride 3 
Sodium biphosphate 75 
Sodium bicarbonate 63 
Sodium citrate 250 
Potassium chloride 5 
Urea 42 
Nutrient broth 250 
Sodium citrate 375 
Isomil (0.8% by vol.) 20 mL 
Composition 
pH 7.7 ± 0.2 
Chemical Oxygen Demand (COD) 510 ±9.1 
Soluble Chemical Oxygen Demand (sCOD) 396 ± 8.0 
Biochemical Oxygen Demand (BOD5) 295 ± 10.9 
Total Nitrogen (TN) 42.6 ± 2.0 
Ammonia Nitrogen (NH3-N) 22.9 ±1.8 
Nitrite-nitrogen (NO^-N) 0.2 ± 0.1 
Nitrate-nitrogen (N03"-N) 0.1 ± 0.1 
Organic Nitrogen 20.7 ± 2.6 
Total Soluble Phosphorus (TP) 11.4+0.9 
Suspended Solids (SS) 75.4 ± 8.4 
# Statistical a = 0.05, 95% CI 
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a daily basis to provide the desired solids residence time (SRT). The composition of the synthetic 
wastewater simulating a medium-strength municipal wastewater is presented in Table 3.2. 
3.2.2 Start-up and Acclimation 
The membrane module of the MBR was initially characterized by conducting filtration runs 
with tap water providing baseline flux vs. transmembrane pressure (TMP) of the membrane. For this 
study, 15 kPa was set as maximum TMP based on manufacturer data sheets. The bioreactor was 
inoculated with biomass obtained from the aeration tank of a nearby activated sludge municipal 
wastewater treatment plant. The bioreactor was operated in batch mode initially to initiate the 
acclimation of the microorganisms. After 5 cycles of 8 hours, the bioreactor was switched to 
continuous mode with aerated mixed liquor from oxic compartment recirculated to the bottom of the 
anaerobic/anoxic compartment which was also fed with synthetic feed water (see Figure 3.1(1)). To 
achieve anaerobic and anoxic conditions, a stirrer was placed approximately halfway into the 
anaerobic/anoxic compartment. Slow agitation of the stirrer provided complete mixing in the upper 
half but minimum mixing in the lower half (see Figure 3.1). 
The bench-scale MBR was operated initially at 100% recirculation of mixed liquor to the 
anaerobic compartment. The flow of the feed water was 1 L/hr. This corresponded to HRTs of 2, 2, 
and 8 hours for anaerobic, anoxic, and oxic compartments, respectively. The SRT was maintained at 
25 days throughout the study while biomass concentration in the bioreactor was maintained at 
approximately 8,000 mg/L for the oxic compartment. The MBR system was operated for approx. 90 
days to achieve steady state conditions and then various configurations and recirculation rates were 
tested. For comparison purposes, the percent removal of total nitrogen and soluble phosphorus of 
the MBR without the anaerobic/anoxic compartments were also determined. 
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3.2.3 Recirculation Configurations 
To determine an optimum recirculation configuration for biological nutrient removal with the 
MBR, five recirculation schemes were designed based on literature information and tested with 
recirculation of nitrate-rich permeate and mixed liquor into the anaerobic/anoxic compartment (see 
Figure 3.1). For configuration 1 (Conf. 1), the influent was fed to the bottom of the anaerobic/anoxic 
compartment along with the mixed liquor from the oxic compartment. The purpose of recirculation 
of the mixed liquor was to seed and return the PAOs back into the anaerobic compartment. 
Configuration 2 (Conf. 2) was similar to Conf. 1 except that the permeate was also recirculated into 
the anoxic compartment. The return of the permeate to the anoxic compartment was to provide for 
denitrification of the nitrate nitrogen in the permeate. Configurations 3 (Conf. 3) and 4 (Conf. 4), 
respectively, differed from the previous two configurations in that the anaerobic/anoxic compartment 
was completely mixed. The reason for the anaerobic/anoxic compartment being mixed with the 
mixed liquor introduced was to seed and provide denitrification of nitrate as well as subject PAOs in 
anoxic/anaerobic environment for phosphorus release. Conf. 3 had mixed liquor recirculation to the 
bottom of the anaerobic/anoxic compartment as Conf. 1. In the case of Conf. 4, mixed liquor was 
recirculated with the influent while the permeate was recirculated at the start of the anaerobic/anoxic 
compartment. Configuration 5 (Conf. 5) is similar to Conf. 2 with 100% mixed liquor recirculation to 
both anaerobic and anoxic compartments. This configuration assumes that the mixed liquor return to 
the anoxic along with the nitrate nitrogen will provide denitrification and at the same time seed and 
allow for anoxic phosphorus uptake. Following the configurations trials, the configuration with the 
optimum removal rates was selected and the recirculation rates were varied from 100% to 300%. 
For each recirculation configuration, the reactor was operated until steady state conditions 
were achieved. Steady state conditions were assumed to be achieved when the most recent three 
measurements of chemical oxygen demand (COD) and nutrient (nitrogen and phosphorus) 
concentrations were within 10%. Conf. 5 was operated after the testing of Conf. 1 to 4 and the 
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various recirculation rates. Wastewater samples were collected, on a regular basis, from various 
sampling points in the reactor as shown in Figure 3.2 and analyzed. Frequencies of analyses include 
thrice per week and twice per week for physical and chemical parameters, respectively (see Table 
3.3). Anaerobic, anoxic, and oxic (permeate) effluents as well as influent wastewaters were 
analyzed. TMP, pH, oxidation-reduction potential (ORP), and dissolved oxygen were monitored 
throughout the experimental study using dual-scale pressure gauge, pH/ORP-meter (Orion Model: 
260), and DO meter (Orion Model: 830), respectively. Ammonia (NH3-N) was measured using an 
ammonia meter (Orion Model: 290A). Samples used for the analyses were V2 hour composite 
samples, where applicable. Analyses were conducted according to Standard Methods (APHA, AWWA, 
and WEF, 1998). 
Table 3.3 Water quality parameters measured 
Physical Sampling Chemical Sampling 
Parameters Points Parameters Points 
PH A, C, D, E Chemical Oxygen Demand A, B, C, D, F 
Temperature B, D, E Total Nitrogen A, B, C, D, F 
ORP A, B, C, D, E Ammonia-nitrogen A, B, C, D, F 
Dissolved Oxygen B, C, D, E Nitrate and Nitrite-nitrogen A, B, C, D, F 
Suspended Solids A, B, D, E, F Total soluble phosphorus A, B, C, D, F, G 
A - Feed, B - Mixing point, C - Anaerobic effluent, D - Anoxic effluent, E - Mixed Liquor, F -
Permeate, G - Waste mixed liquor 
3.2.4 Kinetic Modeling Using BioWin® 
The experimental results were calibrated and modeled using the Biowin® software 
(Envi rosi m Inc., Ontario, Canada). The experimental MBR setup was configured for BioWin® as seen 
in Figure 3.2. The configuration used with the Biowin® was Conf. 2. To mimic the MBR, Biowin® 
models the MBR as a combination of an aerated tank and a sludge dewatering device with all the 
sludge returning back into the reactor. One of the models in the software is the Activated 
Sludge/Anaerobic Digestion (AS/AD) model, referred to as the "BioWin General Model", which can be 
used to model biological nutrient removal in MBR. In the model, various kinetic reactions were 
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Figure 3.2 BioWin® Flow diagram of Conf. 2 of MBR for biological nutrient removal 
assumed by default: 
• aerobic hydrolysis of slowly biodegradable substrate 
• anoxic hydrolysis of slowly biodegradable substrate 
• anaerobic hydrolysis of slowly biodegradable substrate 
• aerobic growth of heterotrophs on fermentable substrates 
• aerobic growth of heterotrophs on fermentation products 
• denitrification with fermentable substrates 
• denitrification with fermentation products 
• fermentation of complex soluble substrate to propionate, acetate, C02 
• lysis of heterotrophs 
• storage of PHA by PAO accumulating biomass 
• aerobic storage of PAO by PAO accumulating biomass 
• anoxic storage of PAO by PAO accumulating biomass 
• aerobic growth of PAO accumulating biomass on PHA 
• anoxic growth of PAO accumulating biomass on PHA 
• lysis of PAO accumulating biomass 
• lysis of polyphosphates 
• lysis of poly-hydroxy-alkanoates 
• aerobic growth of autotrophs 
• lysis of autotrophs 
The composition of the feed water was initially characterized by assuming various 
carbonaceous and nutrient fractions as listed in Table 3.4. These fractions were used as feed inputs 
for the model. If data were available, the fractions were estimated from the actual concentrations. 
If data were not available, the default values of the model were used. 
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Table 3.4 Estimated and assumed carbonaceous and nutrient fractions of the synthetic wastewater 
Abbreviation Fraction Default Input 
Fbs Readily biodegradable (including Acetate) [g COD/g of total COD] 0.20 0.25. 
Fac Acetate [g COD/g of readily biodegradable COD] 0.15 0.15 
Fxsp Non-colloidal slowly biodegradable [g COD/g slowly degradable COD] 0.75 0.70. 
Fus Unbiodegradable soluble [g COD/g of total COD] 0.05 0.05 
Fup Unbiodegradable particulate [g COD/g of total COD] 0.13 0.05. 
Fna Ammonia [g NH3-N/g TKN] 0.66 0.50 
Fnox Particulate organic nitrogen [g N/g Organic N] 0.50 0.50. 
Fnus Soluble unbiodegradable TKN [g N/g TKN] 0.00 0.00 
FupN N:COD ratio for unbiodegradable part. COD [g N/g COD] 0.035 0.035 
Fpo4 Phosphate [g P04-P/gTP] 0.50 0.80. 
FupP P:COD ratio for influent unbiodegradable part. COD [g P/g COD] 0.011 0.01 
FZbh Non-PAO heterotrophs [g COD/g of total COD] 1.0E-4 1.0E-4 
FZbm Anoxic methanol utilizers [g COD/g of total COD] 1.0E-4 1.0E-4 
FZba Autotrophs [g COD/g of total COD] 1.0E-4 1.0E-4 
FZbp PAOs [g COD/g of total COD] 1.0E-4 1.0E-4 
FZbpa Propionic acetogens [g COD/g of total COD] 1.0E-4 1.0E-4 
FZbam Acetoclastic methanogens [g COD/g of total COD] 1.0E-4 1.0E-4 
FZbhm H2-utilizing methanogens fq COD/g of total COD] 1.0E-4 1.0E-4 
*Estimated using actual data 
Using the various fractions of the wastewater and the default kinetic parameters provided by 
the Biowin® model, a sensitivity analysis was carried out for kinetic parameters as defined in the 
model for autotrophic, heterotrophic, and PAO microorganisms. For each kinetic parameter, the 
default value was varied by ±50% to provide the upper and lower limits in a sensitivity analysis to 
assess the impact on the effluent TN and TP. Simulations were conducted for steady-state 
conditions. Based on the trends and impact of each kinetic parameter on effluent TN and TP, the 
kinetic parameters with the most impact on the effluent TN and TP were selected as parameters that 
will initially be varied to calibrate against a set of experimental results (Conf. 2 - from days 130 to 
165). The model was calibrated based on least sum of square errors method. The calibrated model 
was then verified against various experimental data. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Wastewater Characteristics 
Based on the average concentrations in the synthetic wastewater, the wastewater falls into 
the medium-strength category in the municipal wastewater classification (see Metcalf and Eddy, 
1991). The soluble portion of the total chemical oxygen demand (COD) was about 78% and 58% of 
the total COD could be attributed to BOD5. The COD/TN, COD/TP, TN/TP ratios were about 12, 4.5, 
and 3.7, respectively, providing a COD/TN/TP ratio of 100/8.4/2.2, which is higher in nutrients than 
the conventional 100/5/1 assuming that the COD represents the oxidizable carbon fraction. Organic 
nitrogen made up approximately 47% of the total nitrogen, whereas 52% was contributed by NH3-N. 
3.3.2 Monitoring of DO, ORP, pH, and SS 
ORP, DO, SS, and pH values measured throughout the experimental period were plotted in 
Figure 3.3 . The ORP in the anaerobic, anoxic, and oxic tanks were maintained, on the average, at -
309 ± 87 mV, -204 ± 48 mV, and 108 ± 15 mV, respectively. Sillen (1965) suggested that complete 
reduction of nitrate to nitrite should result in an ORP of -200 mV and that complete reduction of 
nitrite to nitrogen gas should result in an ORP of -325 mV. Ideally, complete denitrification should 
be maintained at an ORP of -375 to -450 mV. The ORP values observed in this study are in close 
proximity to these values. ORPs in the oxic tank were approximately 100 mV. Temperatures of the 
bioreactor content were approximately 22.3 ± 0.9 °C. DO and pH were kept at the desired values 
with DO higher than 2 mg/L in the oxic compartment and lower than 0.5 mg/L in the anoxic 
compartment while pH in the anoxic and oxic compartments was between 7 and 8. Suspended solids 
concentrations were, on average, 5,810 ± 820 mg/L in the anaerobic compartment, 7,660 ± 320 
mg/L for in the anoxic compartment, and 8,160 ± 330 mg/L in the oxic compartment. 
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Figure 3.3 Oxidation reduction potential, dissolved oxygen, suspended solids and pH profile in 
anaerobic, anoxic, and oxic compartments (C denotes configuration; Conf. 5 not shown) 
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3.3.3 Biological Nutrient Removal Performance of MBR with Different Recirculation Configurations 
Figure 3.4 illustrates the soluble COD (sCOD) concentration of the feed, anaerobic effluent, 
anoxic effluent, and oxic effluent quality of the MBR for the four configurations. Conf. 5 data are not 
shown in the figure. More than 91% of the soluble COD was removed for all five configurations and 
the COD concentration of the final effluent was between 18~35 mg/L with a mean value of 25 mg/L. 
The advantage of the MBR system compared to conventional biological treatment systems is the 
ability to maintain higher biomass concentration resulting in COD removals equal or higher than 
conventional systems. Since the feed sCOD did not vary greatly, the effluent COD was consistently 
low and stabilized at less than 35 mg/L. With a high MLSS concentration (about 8,000 mg/L), the 
mass loading was generally low in the range of 0.11 - 0.22 kg COD/kg MLSS/d. Permissible mass 
loading rates for conventional systems are in the range of 0.3 - 0.6 kg COD/kg MLSS/d meaning that 
the MBR can take a higher influent COD load than a conventional system (Metcalf and Eddy, 1991, 
Stephenson et al., 2000). The volumetric loading for the MBR was as high as 0.46~0.91 kg 
COD/nf/d. Conventional systems have volumetric loadings in the range of and 0.8 to 2.0 kg 
COD/nf/d, respectively (Metcalf and Eddy, 1991, Stephenson et al., 2000). 
TN concentrations in the effluent, however, varied from one configuration to another and TN 
concentrations as low as 10.2 ± 0.3 mg/L and 10.2 ± 0.2 mg/L were achieved for Conf. 2 and Conf. 
4, respectively. This indicates that there was denitrification under anaerobic conditions since both 
configurations employed a total of 4 hrs hydraulic retention time with 200% recirculation. Conf. 2 
had anaerobic and anoxic compartments and Conf. 4 had a completely-mix anaerobic/anoxic 
compartment. From Figure 3.5, approximately 50% of the TN in Conf. 2 comes from nitrate and 
nitrite indicating there is still some room for improving denitrification. 
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Final effluent phosphorus concentrations were as low as 4.1 ± 0.2 mg/L for Conf. 1 and 4.7 
± 0.2 mg/L for Conf. 2, whereas 6.3 ±0.1 mg/L and 6.5 ±0.1 mg/L effluent TP concentrations were 
achieved for Conf. 3 and Conf. 4, respectively. Based on these values, configurations with anaerobic 
compartments (Conf. 1 and Conf. 2) definitely removed more phosphorus as compared to Conf. 3 
and Conf. 4 due to phosphorus release in the anaerobic compartment. The phosphorus release is 
also supported by the TP levels shown in Figure 3.4 as Conf. 1 and Conf. 2 anaerobic effluents had 
higher TP concentrations than those of Conf. 3 and Conf. 4. The effluent TP levels for the various 
configurations were typically far from effluent standards (can vary from 0.5 to 2 mg TP/L), which will 
be accomplished through varying the recirculation rates. 
A summary of the percent removals for sCOD, TN, NH3-N, org-N, and TP for all four 
configurations along with Conf. 5 is presented in Table 3.5. Included in the table are the results for 
MBR without anaerobic/anoxic compartment with percent removals of TN and TP of 27.0 ± 0.3% and 
47.0 ± 5.0%, respectively. sCOD removal for the MBR without anaerobic/anoxic compartment was 
higher than the various configurations tested at 98.0 ± 0.1% while the NH3-N removal was similar to 
the various configurations at 98.5 ± 0.8%. As can be seen in the table, all four configurations gave 
statistically similar sCOD and NH3-N removals. Conf. 2, 4, and 5 gave statistically similar TN removal 
at approx. 75 - 76% but were higher than Conf. 1 and Conf. 3. 
In the case of TP removal, Conf. 2 gave statistically higher TP removal at approximately 63 -
64% than all the other configurations. By including a permeate recirculation in Conf. 2 between the 
anaerobic and anoxic compartments, significantly higher nitrogen elimination was achieved 
supporting the approach that the recirculation of nitrate - rich effluents from the oxic compartment 
to the anoxic compartment is necessary to improve denitrification. The higher TP removal rate for 
Conf. 2 suggests that an anaerobic compartment is required in order to enhance phosphorus uptake 
in the oxic compartment. Phosphorus removal rate for the MBR without anaerobic/anoxic 
compartment was 47.0 ± 5.0%. Mixed liquor recirculation to both anaerobic and anoxic 
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compartments in Conf. 5 instead of permeate did not improve biological nutrient removal 
performance as TN removal was 76.3 ± 1.4% and TP removal was 58.7 ± 1.2% as compared to 75.8 
± 1.0% TN and 64.5 ± 1.0% TP removal for Conf. 2. In light of the observations for the five 
configurations in the previous step, Conf. 2 was selected for further investigation and was 
manipulated via varying mixed liquor and permeate recirculation rates. 
3.3.4 Biological Nutrient Removal Performance of Configuration 2 under Varying Mixed Liquor and 
Permeate Recirculation Rates 
The experimental data for the various recirculation rates (100 - 300% for mixed liquor and 
permeate) are presented in Figure 3.6 and 3.7 and the percent removals are summarized in Table 
3.6. Varying the mixed liquor and permeate recirculation rates provided similar sCOD removal rates 
between 94.1 ± 0.4% and 95.5% ± 0.2 for all recirculation rates. Effluent sCOD concentrations 
obtained for all recirculation rates were as low as 17.7 ± 0.7 mg/L (see Figure 3.6). In general, 
lower effluent sCOD concentrations were achieved for runs with increased mixed liquor recirculation 
rates as compared to runs with increased permeate recirculation (Mixed liquor recirculation shown in 
Figure 3.1). This may be due to enhanced organic carbon (PHA) uptake by PAO under anaerobic 
Table 3.5 Treatment performance of membrane bioreactor with various configurations 
% Removal 
Run o/oMLR/o/oPR* sCOD TN NH3-N Org-N" TP 
Oxic only 
Acclimation 
Conf. 1 
0/0 
100/0 
(100/0) 
98.0 ± 0.1 
91.8 ± 0.6 
91.5 ± 0.3 
27.0 ± 0.3 
66.3 ± 1.4 
68.5 ± 0.5 
98.5 ± 0.8 
96.2 ± 1.4 
97.4 ± 0.7 
NDA 
67.7 ± 0.7 
68.6 ± 0.6 
47.0 ± 5.0 
54.8 ± 1.0 
59.1 ± 1.3 
Conf. 2 (100/100) 92.3 ± 0.5 75.6 ± 0.4 98.0 ± 0.5 71.5 ± 0.7 62.4 ± 1.3 
Conf. 3 (100/0) 91.5 ± 0.3 69.8 ± 0.4 97.7 ± 0.6 69.3 ± 0.4 44.6 ± 0.9 
Conf. 4 (100/100) 91.8 ± 0.3 76.0 ± 0.5 98.2 ± 0.5 70.6 ± 0.4 42.7 ± 0.7 
Conf. 2* (100/100) 91.9 ± 0.6 75.8 ± 1.0 97.8 ± 0.5 71.9 ± 0.4 64.5 ± 1.0 
Conf. 5 (îoo/iooy 93.2 ± 1.2 76.3 ± 1.4 98.2 ± 0.9 72.8 ± 0.6 58.7 ± 1.2 
* % Mixed liquor Recirculation Rate/%Permeate Recirculation; + Repeat of Conf.2 after completion of all configurations 
" Calculated;a Mixed liquor/Mixed liquor; Boxed data indicates statistically significant highest removal rates of all 5 
configurations. 
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conditions as lower TP concentrations were seen in the final effluent due to possibly enhanced 
phosphorus uptake (see Figure 3.6). 
Total nitrogen levels followed a similar trend with increased recirculation rates and TN levels 
fell to 5.1 ± 0.2 mg/L. By gradually increasing the permeate recirculation rate from 100% to 200% 
and 300%, TN removal rate increased from 76.1 ± 0.4% to 85.2 ± 0.5% and then 88.1 ± 0.5%, 
respectively. TN removal levels were statistically similar for runs with similar total recirculation rates 
(example, Run 2 and 4 (100%/200% and 200%/100%)) and Run 3 and 5 (100%/300% and 
300%/100%)) indicating improvement in TN removal when recirculation rates were increased (see 
Table 3.6). Denitrification plays a role in eliminating nitrogen but part of this increase in removal 
may be due to dilution effects from recirculation. There is no direct or indirect evidence that there 
was phosphorus release within the anoxic compartment. Figure 3.7 illustrates the nitrogen 
concentrations of various forms in each compartment. Approximately 50% of the TN in the effluent 
came from oxidized nitrogen (nitrite and nitrate) indicating that denitrification can be improved by 
using a longer hydraulic retention time for the anaerobic/anoxic compartment along with 
manipulating the system through recirculation rates. Further optimization may be needed. 
Phosphorus removal varied with mixed liquor recirculation as can be seen in Figure 3.6 where 
total recirculation rates did not provide similar removal rates unlike TN removal. In fact, increasing 
the mixed liquor recirculation rate from 100% to 200% and then 300% resulted an increase in TP 
removal with effluent TP concentrations decreasing to 3.9 ± 0.1 mg/L, 3.1 ± 0.1 mg/L, and 2.4 ± 0.2 
mg/L, respectively. Similarly, with a permeate recirculation of 300% and increasing the mixed liquor 
recirculation to 200%, the percent TP removal improved from 73.1 ± 0.8% to 79.4 ± 1.0%. 
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Figure 3.6 Overall treatment performance of Configuration 2 under varying recirculation rates 
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Figure 3.7 Profile of nitrogenous compounds in MBR - Configuration 2 under varying recirculation 
rates 
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When the impact of mixed liquor and permeate recirculation on biological nutrient removal 
are compared to each other, slight decrease in TN removal but large increase in TP removal can be 
seen from run #2 to run #4 (100/200 vs. 200/100) and from run #3 to run #5 (100/300 vs. 
300/100). This suggests that denitrification occurred similarly in both anaerobic and anoxic 
compartments and that TP removal is highly dependent on anaerobic manipulation. This was 
supported by run #5 when compared with run #4. With an increased mixed liquor recirculation rate, 
TP removal rates achieved were 78.6 ± 1.7% for 200% and 88.1 ± 1.3% for 300%. 
These results show that efficient and stable removal of nitrogen can be achieved in the MBR 
systems. The TN and phosphorus removal efficiency in conventional biological treatment process is 
approximately 45 - 70% (Burica et al., 1996). The complete retention of microorganisms by the 
membrane can increase ammonia removal efficiency in the MBR system (Cote et al., 1997). 
Considering that, in this MBR system, most of the nitrogen content in the treated water was oxidized 
to nitrate and nitrite, denitrification was the rate-determining step in this study for total nitrogen 
removal rather than nitrification. This may be attributed to the sufficient long SRT for nitrifying 
bacteria to grow and adequate carbon source from the anaerobic compartment for denitrification to 
occur in the anoxic compartment. 
Table 3.6 Treatment performance of membrane bioreactor for Conf.2 (mixed liquor recirculation to 
the inlet feed, permeate recirculation to the anoxic compartment) 
% Removal 
Run MLR/PR* sCOD TN NH3-N Org-N TP 
1 (100/100) 94.1 ± 0.4 76.5 ± 0.4 98.4 ± 0.4 72.4 ± 0.5 65.6 ± 1.0 
2 (100/200) 94.6 ± 0.3 85.2 ± 0.5 98.8 ± 0.4 82.2 ± 0.7 69.9 ± 1.0 
3 (100/300) 95.5 ± 0.2 88.1 ± 0.5 99.0 ± 0.4 85.5 ± 0.7 73.1 ± 0.8 
4 (200/100) 94.8 ± 0.3 84.2 ± 0.6 98.9 ± 0.2 79.1 ± 0.4 78.6 ± 1.7 
5 
6 
(300/100) 
(200/300) 
94.2 ± 0.4 86.9 ± 0.7 98.9 ± 0.4 83.2 ± 0.7 88.1 ± 1.3 
95.3 ± 0.4 90.3 ± 0.3 98.9 ± 0.4 89.2 ± 0.7 79.4 ± 1.0 
* % Mixed liquor Recirculation Rate/%Permeate Recirculation; Boxed data indicates best significant removal rates. 
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3.3.5 Calibration of BioWirf AS/AD Model for MBR 
Using the first set of Conf. 2 experimental data for calibration, the predicted concentrations 
for sCOD, NH3-N, and TP at default inputs were close to the experimental data but were twice for the 
experimental TN concentrations due to the high N03" -N (see Table 3.7). To obtain a better sense of 
the impact of various parameters of the model, a sensitivity analysis was conducted. The various 
kinetic parameters that showed an impact on the effluent TN and TP concentrations is presented in 
Figures 3.8 - 3.9. Figure 3.8(a) shows the sensitivity of predicted effluent TN and TP concentrations 
to variation as a function of heterotrophic anoxic yield. By varying the heterotrophic anoxic yield by 
± 50% of the default value, a lower anoxic yield results with close to 50% variation in TP 
concentration and about 15% variation in TN concentration. This indicates that the input anoxic yield 
in the model has an impact and should be decreased to obtain the desired TN. Available literature on 
MBR for biological nutrient removal reported lower heterotrophic anoxic yield between 0.2 to 0.4 as 
compared to default value of 0.54 of the Biowin® software (Huang et al., 2001; Macomber et al., 
2005). 
The sensitivity analyses of kinetic parameters and corresponding sum of square error plots in 
Figures 3.8 and 3.9 show that fermentation rate (Figure 3.8b) and anoxic growth factor (Figure 3.8e) 
and anaerobic growth factor (Figure 3.8c) of the heterotrophs have the most impact on TN while 
anoxic growth factor (Figure 3.Be) and anaerobic hydrolysis factor (Figure 3.8d) of the heterotrophs 
and anoxic growth factor (Figure 3.9a) and oxic endogenous decay rate of the PAO (Figure 3.9b) 
have the most impact on TP (Refer to Appendix D for further details). Among these, anaerobic and 
anoxic growth factors and fermentation rate have the most impact on total sum of square errors 
values. 
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Table 3.7 Experimental and predicted effluent quality at default Biowin® AS/AD model settings for 
Conf. 2 
Effluent sCOD (mg/L) TN (mg/L) NHvN (mg/L) NOV -N (mg/L) TPsoi (mg/L) 
Experimental 28.64 6.20 0.44 4.40 4.08 
Default-Predicted 33.38 13.04 0.24 11.66 3.29 Total 
SSE 22.5 46.8 0.04 52.7 0.62 122.7 
Note that experimental nitrate includes nitrite and the model assumes all nitrite is converted to nitrate. 
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Figure 3.8 Sensitivity of TN and TP to variation in kinetic parameters for heterotrophs 
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Figure 3.9 Sensitivity of TN and TP to variation in kinetic parameters for PAO 
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Based on the sensitivity analysis and sum of square errors, the kinetic parameters were 
selected and varied to match the predicted and experimental effluent quality concentrations. Once 
the least sum of square errors was achieved, the remaining less sensitive parameters were varied to 
calibrate the model. Table 3.8 summarizes the rates and coefficients for the calibrated model and 
the default values. Figure 3.10 shows the SSE ny varying various parameters to calibrate the 
Biowin® model. 
As seen from Table 3.8, anoxic growth factor, hydrolysis factor of the heterotrophs and 
maximum specific growth rate of the PAO were found higher than the default values. Higher SRTs of 
the MBR (25 days) than the conventional systems with 10 - 15 days SRTs and the wastewater 
composition with higher easily biodegradable organic matter content compared to municipal 
wastewater. The calibrated model was then used to predict several sets of experimental data with 
varying recirculation rates as shown in Figure 3.11. The calibrated model over-predicted sCOD by a 
factor of approx. 40% while for TN, NH3-N, N03~ -N, and TP, the differences in estimates were small 
and in some cases for N03" -N and TP, experimental and predicted data overlapped or were within 
the 95% C.I. at various recirculation rates such that experimental and predicted N03" -N overlaps at 
100%/100%, 300%/ 100%, and 200%/300% whereas TP values overlap at 100%/200% and 
100%/300%. 
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Table 3.8 Summary of calibrated Biowin® AS/AD model parameters for MBR 
Autotrophs Default Calibrated Heterotrophs Default Calibrated 
Max. spec. Growth rate 0.90 0.45 Max. spec, growth rate 3.20 3.20 
Substrate (NH3) half sat. 0.70 1.1 Substrate half sat. 5.00 5.00 
Oxic endogenous decay rate 0.17 0.2 Anoxic growth factor 0.50 0.90 
Anoxic/anaerobic decay rate 0.08 0.12 Oxic decay 0.62 0.30 
C02 half sat. for autotrophs 0.01 0.01 Anoxic/anaerobic decay 0.30 0.10 
Hydrolysis rate (AS) 2.10 3.15 
PAO Hydrolysis half sat. (AS) 0.06 0.03 
Max. spec. Growth rate 0.95 1.50 Anoxic hydrolysis factor 0.28 0.45 
Max. spec. Growth rate, P- 0.42 0.60 Anaerobic hydrolysis 0.50 0.30 
limited factor 
Substrate half sat. 0.10 0.10 Adsorption rate of 0.80 0.80 
colloids 
Substrate half sat., P-limited 0.05 0.05 Ammonification rate 0.04 0.02 
Oxic endogenous decay rate 0.10 0.15 Fermentation rate 3.20 1.60 
Anaerobic decay rate 0.04 0.06 Fermentation half sat. 5.00 5.00 
Anaerobic growth factor 0.13 0.05 
(AS) 
Hydrolysis rate (AD) 0.10 0.10 
Hydrolysis half sat. (AD) 0.15 0.15 
SSE 122.7 72.8 
250 
« 200 
150 
100 
50 
0 
40 100 
Least SSE = 72.8 
120 140 160 
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Figure 3.10 SSE values corresponding to variation in various parameters 
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3.4 CONCLUSIONS 
Of the five configurations tested, the configuration with the highest TN and TP removal was 
with recirculation of the mixed liquor to the start of the anaerobic compartment and permeate to the 
anoxic compartment. This configuration gave, on average, 92.3 ± 0.5% sCOD removal, 75.6 ± 0.4% 
TN removal, 71.5 ± 0.7 org-N removal, 62.4 ± 1.3% TP removal, and almost complete nitrification 
(97.7 ± 0.6%) for 25 days SRT and 2 hrs anaerobic, 2 hrs anoxic, and 8 hrs oxic HRTs. When 
permeate and mixed liquor recirculation rates were varied within the same configuration, highest TP 
removal was obtained in 300%/100% (mixed liquor/permeate) recirculation with 88.1 ± 1.3% TP 
removal while highest TN removal was obtained in 200%/300% recirculation with 90.3 ± 0.3% TN 
removal. TN and TP concentrations as low as 4.2 ±0.1 mg/L and 1.4 ± 0.2 mg/L were obtained. 
Mass loading rate was generally low in the range of 0.11 - 0.22 kg COD/kg MLSS/d due to high 
biomass concentrations within the reactor (about 8,000 mg/L). Volumetric loadings as high as 
0.46~0.91 kg COD/m3/d were achieved. The calibrated Biowin® AS/AD model predicted the sCOD, 
TN, and TP of MBR for varying recirculation configurations. Calibration of the model using a 
sensitivity analysis indicated that the kinetic parameters fermentation rate, anoxic growth factor, 
anaerobic growth factor of the heterotrophs and anoxic growth factor, anaerobic hydrolysis factor of 
the heterotrophs, anoxic growth factor, oxic endogenous decay rate of the PAO impacted the effluent 
TN and TP the most, respectively. The optimum heterotrophic anoxic yield, Pmax-autotropn, Mmax-hetemtroph, 
and Mmax-PAo were predicted to be 0.2, 0.45, 3.2, and 1.5 d"1, respectively. 
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CHAPTER 4 
IMPACT OF SOLIDS RESIDENCE TIME ON BIOLOGICAL 
NUTRIENT REMOVAL PERFORMANCE OF MEMBRANE 
BIOREACTOR 
ABSTRACT 
This study evaluates the carbonaceous and nutrient treatment performance of a lab-scale 
MBR (submerged plate-frame) with anaerobic, anoxic, and oxic tanks. The MBR was operated for 
varying solids residence times (SRTs) ranging from 25 days to 75 days with 2 hrs anaerobic, 2 hrs 
anoxic, and 8 hrs oxic hydraulic retention times (HRTs) with recirculation of oxic tank mixed liquor 
into anaerobic tank and permeate into the anoxic tank, respectively. Among all SRTs tested, 50 days 
provided with the optimum TN and TP removals of approximately 80%. Over 93% sCOD removal 
and 98.5% nitrification rates were obtained for all SRTs. Difference in TN removals between 25 days 
and 50 days SRT and between 25 days and 75 days SRT were significant with 77.9 ± 1.0% (25 
days), 80.1 ±0.3% (50 days), and 81.0 ± 0.3% (75 days). Increasing the SRT to 75 days resulted in 
a significant decrease in average TP removal rate to 60% indicating that a limiting condition might 
have occurred. However, TN removal remained similar at 80 - 81% in comparison with lower SRTs. 
Calibration and simulation studies with Biowin® AS/AD model revealed that oxic endogenous decay 
rates increased with SRTs and the increased anoxic and anaerobic hydrolysis factors at higher SRTs 
compensated for the decay rates up to 50 days. Then, the conditions became limited due to high 
decay rates and high TSS concentrations resulting in low F/M ratios. Based on the sensitivity analysis 
results, heterotrophic anoxic yield, anoxic growth factor, oxic endogenous decay, hydrolysis rate 
(AS), anoxic and anaerobic hydrolysis factors of heterotrophs and anoxic growth factor and oxic and 
anaerobic endogenous decay rates of the phosphate accumulating organism (PAOs) have the most 
impact on effluent TP concentration. When calibrating the Biowin® AS/AD model, initial calibration 
for varying TSS concentrations for various SRTs deemed useful followed by recalibration using the 
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rest of the kinetic parameters. Heterotrophic anoxic yield was varied to 0.3. Specific |jmax were 1.2 
(day1), 2.8 (day1), and 1.4 (day1) for autotrophs, heterotrophs, and PAOs for all SRT variations. 
Oxic endogenous decay rates increased with SRT and were 0.12 (day1), 0.20 (day1), and 0.26(day'1) 
for PAOs while heterotrophic oxic endogenous decay rates were 0.55 (day1), 0.65 (day1), and 0.72 
(day1) at 25, 50, and 75 days, respectively. Trends of variation in fermentation rate and anoxic and 
anaerobic hydrolysis factors for heterotrophs and oxic endogenous decay rates were used to predict 
the effluent quality for a set of experimental data at 35 days SRT. 
Keywords: Nitrification, denitrification, phosphorus uptake, anaerobic, anoxic, oxic, modeling. 
4.1 INTRODUCTION 
Membrane bioreactors (MBRs) have many operating advantages over conventional biological 
treatment processes (Visvanathan et al., 2000). M BR can be operated efficiently at high suspended 
solids concentrations, long solids residence times (SRTs) and short hydraulic retention times (HRTs) 
without the concern of poor sludge settling since the membrane provides an excellent separation 
barrier with excellent carbonaceous organic matter removal and nitrification (Stephenson et al., 
2000). With stricter nutrient discharge requirements, the M BR, with many advantages, can also be 
modified to effectively remove nutrients (nitrogen and phosphorus) by using various anaerobic, 
anoxic, and oxic manipulations. The high suspended solids concentrations provide the added 
benefits of minimizing the phosphorus content in the solids and the long SRTs allow growing of 
bacteria with low growth rates, such as nitrifying bacteria (Hasar et al., 2002). Hence, complete 
nitrification is observed in MBRs provided that oxygen and hydraulic retention requirements are met 
(Kishino et al., 1996, Delgado et al., 2002, Shin and Kang, 2004). In the case of phosphorus uptake, 
the phosphate accumulating organisms (PAOs) utilized their stored energy source under aerobic 
conditions (Ubukata and Takii, 1998). However, the long SRTs of MBRs may impact the luxurious 
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uptake of phosphorus along with the survival of the PAO due to the finite amount of stored substrate 
(Rosenberger et al., 2000). 
Using a pilot-scale MBR with single oxic tank system for municipal wastewater treatment, 
Urbain et al. (1998) reported COD, NH3, and TP removals of 90%, 99%, and 50%, respectively for an 
SRT of 5 - 20 days. Rosenberger et al. (2002) applied an infinite SRT for a pilot-scale MBR (with an 
oxic tank only) and achieved 82% TN removal with 99.9% TKN removal for a municipal wastewater 
suggesting that long solids residence time do not have an adverse effect on nitrogen removal. 
Similarly, Ogoshi and Suzuki (2000) treated synthetic wastewater in a pilot-scale MBR at over 400 
days SRT and reported 95% BOD5, 80% COD, and over 90% TN removal. Several researchers 
studied treatment of municipal wastewater using bench-scale submerged MBR with anaerobic-anoxic-
oxic configuration and obtained removals of 96.4% COD, 86.8% TN, 98.8% NH3-N, and 99% TP for 
15 days SRT for anaerobic, anoxic, and oxic hydraulic retention times of 3.7 hrs, 8.5 hrs, and 8.8 hrs 
(Adam et ai., 2003). The same researchers also studied a similar MBR setup operated in post-
denitrification mode and obtained similar results with 95.1% COD, 89.6% TN, 99.9% NH3-N, and 
99.2% TP. Lesjean et al. (2003) studied both configurations described by Adam et al. (2003) but at 
a pilot-scale with a total HRT of 18 hours and an SRT of 26 days and found 81.9% TN and 99.3% TP 
removal in pre-denitrification mode as compared to 94.1% TN and 99.2% TP for post-denitrification 
mode. Based on the literature, it is possible to obtain TN and TP removals greater than 90%, 
respectively for long HRTs and SRT less than 26 days. MBR systems with anaerobic, anoxic, and oxic 
manipulations have been shown to achieve high level biological nutrient removal but there are no 
studies on phosphorus removal for long SRTs over 26 days. 
The main objective of this study was to evaluate the impact of long SRTs (25 days and over) 
on biological nutrient performance of a submerged MBR with an integration of anaerobic, anoxic, and 
oxic tanks. The kinetics of biological nutrient removal at high SRTs were analyzed using the 
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Biowin® AS/AD model to investigate the important kinetic parameters that may be impacted due to 
the long SRTs of the MBRs. 
4.2 MATERIALS AND METHODS 
4.2.1 Experimental Setup 
Experiments were conducted using a bench-scale MBR configured with an anaerobic and 
anoxic tank as shown in Figure 4.1. The synthetic wastewater as in Table 4.1 was fed into the 
bioreactor using a Masterflex (Model 8800) pump. The bioreactor was made of Plexiglass™ and had 
a total operating volume of 16 liters (4 L for the anaerobic, 4 L for anoxic and 8 L for oxic tanks) with 
the oxic tank dimensions of 10 cm wide by 25 cm long and 50 cm deep. The cylindrical anaerobic 
and anoxic tank each has a diameter of 15 cm and a depth of 50 cm with operating volumes between 
1 - 4 L by using various outlet ports located on the side. To create the anaerobic conditions, the 
anaerobic tank was sealed and mixed gently at the bottom using a variable-speed magnetic stirrer 
while the anoxic tank was open to the atmosphere and gently mixed. Wastewater flows by gravity 
from the anaerobic tank to the anoxic tank and into the oxic tank. Air was introduced via air diffusers 
placed at the bottom of the oxic tank of the system for microbial metabolism and membrane fouling 
control measure. The air and liquid flow rates were measured using Gilmont 250 mL/min ball flow 
meters (Barrington, IL). 
For solid/liquid separation purposes, a double-sided plate-frame cellulose membrane (Kubota 
Co., Japan) with a nominal pore size of 0.2 pm and 0.15 m2 of filtration area was used (see Table 4.2 
for specifications of the membrane module). Constant permeate flux was maintained by a Cole-
Parmer (Model 7553-70) pump, which was placed at the permeate outlet. The permeate and mixed 
liquor recirculation rates were controlled by another Masterflex (8800) pump. The plate-frame 
module was operated for 9 minutes followed by 1 minutes of idle with permeate fluxes ranging 
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Figure 4.1 Membrane bioreactor for biological nutrient removal with anaerobic and anoxic tanks (A to 
G - sampling points) 
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Table 4.1 Ingredients and composition of the synthetic wastewater 
Ingredient Concentration, mg/L* 
Calcium sulfate 40 
Magnesium sulfate 4 
Ferric chloride 3 
Sodium biphosphate 75 
Sodium bicarbonate 63 
Potassium chloride 5 
Urea 42 
Nutrient broth 250 
Sodium citrate 500 
Isomil (0.8% by vol.) 20 mL 
Composition 
pH 7.7 ± 0.2 
Chemical Oxygen Demand (COD) 555 ± 9.1 
Soluble Chemical Oxygen Demand (sCOD) 502 ± 11.1 
Biochemical Oxygen Demand (BOD5) 342 ±11 
Total Nitrogen (TN) 43.3± 1.9 
Ammonia Nitrogen (NH3-N) 22.7 ± 1.8 
Nitrite-nitrogen (N02"-N) 0.2 ± 0.1 
Nitrate-nitrogen (N03"-N) 0.5 ± 0.1 
Organic Nitrogen 20.0 ± 1.5 
Total Soluble Phosphorus (TP) 13.6+0.9 
Suspended Solids (SS) 71.7 ± 6.4 
* Statistical a = 0.05 
Table 4.2 Specifications of membrane module 
Parameter Specification 
Module Plate-Frame 
Material Cellulose 
Average pore size 0.2 nm 
Membrane porosity 60 % vol. 
Width*Length 23x 31 cm 
Total Filtration area 0.15 m2 
pH range 5.5-10 
Maximum temperature 80 °C 
Maximum pressure 25 kPa 
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between 8-28 L/m2/hr, for which no backwashing of the membrane was required. The operational 
cycles of filtration run and idle periods were controlled using a ChronTrol® microprocessing timer. 
The reactor was equipped with water level sensors to maintain a constant volume in the bioreactor. 
Mixed liquor wasting was done manually on a daily basis to provide the desired SRT. 
4.2.2 Start-up and Acclimation 
The bioreactor was inoculated with a mixture of biomass already acclimatized for biological 
nutrient removal from an operating bench-scale MBR (at 25 days SRT) and a nearby activated sludge 
municipal wastewater treatment plant. The oxic bioreactor was operated in batch mode initially to 
initiate the acclimation of the microorganisms. After 5 cycles of 8-hrs oxic cycles, the bioreactor was 
switched to continuous mode. To achieve anaerobic and anoxic conditions in the designated tanks, 
aerated mixed liquor from the oxic tank was recirculated to the anaerobic tank along with synthetic 
feed water while permeate was partially recirculated into the anoxic tank. 
The bench-scale MBR was operated under 100% recirculation of mixed liquor to the 
anaerobic tank and 100% recirculation of nitrate-rich permeate to the anoxic tank. The feed water 
flow rate was maintained at 1 L/hr corresponding to hydraulic retention times (HRT) of 2, 2, and 8 
hours for anaerobic, anoxic, and oxic tanks, respectively. The SRT was initially maintained at 25 days 
in this study while biomass concentration in the bioreactor was maintained at approximately 7,500 
mg/L for the oxic tank. The MBR system was operated for 30 days to achieve steady state 
conditions. 
4.2.3 Varying Solids Residence Times 
To determine the relationship between SRT and biological nutrient removal, the SRT of the 
MBR was gradually changed to 50 days, 75 days, and then to 35 days. For each variation, the 
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reactor was operated until steady state conditions were achieved. Steady state conditions were 
assumed to be achieved when the most recent three measurements of chemical oxygen demand 
(COD) and nutrient (nitrogen and phosphorus) concentrations were within 10%. Wastewater 
samples were collected, on a regular basis, from various sampling points in the reactor as shown in 
Figure 4.1. Change in physical and chemical parameters were recorded at a frequency of thrice per 
week and twice per week, respectively (see Table 4.3). Anaerobic, anoxic, and oxic (permeate) 
effluents as well as influent wastewater were analyzed. TMP, pH, oxidation-reduction potential 
(ORP), and dissolved oxygen were monitored throughout the experimental study using dual-scale 
pressure gauge, pH/ORP-meter (Orion Model: 260), and DO meter (Orion Model: 830), respectively. 
Ammonia (NH3-N) was measured using an ammonia meter (Orion Model: 290A). Samples used for 
the analyses were Vz hour composite samples, where applicable. Analyses were conducted according 
to Standard Methods (APHA, AWWA, and WEF, 1998). 
Table 4.3 Water quality parameters measured 
Physical Sampling Chemical Sampling 
Parameters Points Parameters Points 
PH A, C, D, E Chemical Oxygen Demand A, B, C, D, F 
Temperature B, D,E Total Nitrogen A, B, C, D, F 
ORP A, B, C, D, E Ammonia-nitrogen A, B, C, D, F 
Dissolved Oxygen B, C, D, E Nitrate and Nitrite-nitrogen A, B, C, D, F 
Suspended Solids A, B, D, E, F Total Soluble phosphorus A, B, C, D, F, G 
A - Feed, B - Mixing point, C - Anaerobic effluent, D - Anoxic effluent, E - Mixed Liquor, F - Permeate, 
G - Waste mixed liquor 
4.2.4 Kinetic Modeling for Biological Nutrient Removal in MBR Using BioWin® 
The experimental results for carbonaceous and biological nutrient removal in MBR at varying 
SRTs were calibrated and modeled using the AS/AD model of Biowin® software (Envirosim Inc., 
Ontario, Canada). The experimental MBR setup was configured for the model as seen in Figure 4.2. 
To mimic the MBR, the Biowin® AS/AD model simulates the MBR as a combination of an aerated 
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tank and a sludge dewatering device with all the sludge returning back into the reactor. In the 
model, various kinetic reactions were assumed: 
• aerobic hydrolysis of slowly biodegradable substrate 
• anoxic hydrolysis of slowly biodegradable substrate 
• anaerobic hydrolysis of slowly biodegradable substrate 
• aerobic growth of heterotrophs on fermentable substrates 
• aerobic growth of heterotrophs on fermentation products 
• denitrification with fermentable substrates 
• denitrification with fermentation products 
• fermentation of complex soluble substrate to propionate, acetate, C02 
• lysis of heterotrophs 
• storage of PHA by poly-P accumulating biomass 
• aerobic storage of poly-P by poly-P accumulating biomass 
• anoxic storage of poly-P by poly-P accumulating biomass 
• aerobic growth of poly-P accumulating biomass on PHA 
• anoxic growth of poly-P accumulating biomass on PHA 
• lysis of poly-P accumulating biomass 
• lysis of polyphosphates 
• lysis of poly-hydroxy-alkanoates 
• aerobic growth of autotrophs 
• lysis of autotrophs 
The various carbonaceous and nutrient fractions of the model was estimated from the 
composition of the feed water or by assuming default values of the model (if not tested) as listed in 
Table 4.4. 
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Membrane Bioreactor Anoxic Anaerobic 
Waste Sludge 
Figure 4.2 Configuration of membrane bioreactor in BioWin® AS/AD model for biological nutrient 
removal (MBR is configured in Biowin® AS/AD model as in the dotted box) 
Table 4.4 Carbonaceous and nutrient fractions of the synthetic wastewater 
Abbreviation Fraction Default Input 
Fbs Readily biodegradable (including Acetate) [g COD/g of total COD] 0.20 0.25, 
Fac Acetate [g COD/g of readily biodegradable COD] 0.15 0.15 
Fxsp Non-colloidal slowly biodegradable [g COD/g slowly degradable COD] 0.75 0.70. 
Fus Unbiodegradable soluble [g COD/g of total COD] 0.05 0.05 
Fup Unbiodegradable particulate [g COD/g of total COD] 0.13 0.05, 
Fna Ammonia [g NH3-N/g TKN] 0.66 0.50 
Fnox Particulate organic nitrogen [g N/g Organic N] 0.50 0.50» 
Fnus Soluble unbiodegradable TKN [g N/g TKN] 0.00 0.00 
FupN N:COD ratio for unbiodegradable part. COD [g N/g COD] 0.035 0.035 
Fpo4 Phosphate [g P04-P/gTP] 0.50 0.80» 
FupP P:COD ratio for influent unbiodegradable part. COD [g P/g COD] 0.011 0.01 
FZbh Non-PAO heterotrophs [g COD/g of total COD] 1.0E-4 1.0E-4 
FZbm Anoxic methanol utilizers [g COD/g of total COD] 1.0E-4 1.0E-4 
FZba Autotrophs [g COD/g of total COD] 1.0E-4 l.OE-4 
FZbp PAOs [g COD/g of total COD] 1.0E-4 l.OE-4 
FZbpa Propionic acetogens [g COD/g of total COD] 1.0E-4 l.OE-4 
FZbam Acetoclastic methanogens [g COD/g of total COD] 1.0E-4 l.OE-4 
FZbhm Hrutilizinq methanogens [q COD/q of total COD] 1.0E-4 l.OE-4 
*Estimated using actual data 
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The various kinetic parameters used in the Biowin® AS/AD model for autotrophs, 
heterotrophs, and PAOs were obtained through a sensitivity analysis carried out using the various 
fractions of the wastewater and the default kinetic parameters provided by the model. Impact of 
each kinetic parameter on the effluent TN and TP concentrations were assessed using the upper and 
lower limits provided by ±50% variation of the default value. This is followed by simulations 
conducted for steady-state conditions. Based on the trends and impact of each kinetic parameter on 
effluent TN and TP concentrations, the kinetic parameters with the most impact were selected to 
initially be varied to calibrate against experimental results for 25, 50, and 75 days SRTs. The least 
sum of square errors method was used as a criteria to calibrate the model. The calibrated model was 
then verified using another set of experimental data. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Wastewater Characteristics 
The BOD5 was approximately 70% of the total COD while the soluble portion of the COD was 
about 85% of the total COD. The COD/TN/TP ratio was approximately 100/8/2. About 52% of the 
TN was due to NH3-N while the organic nitrogen was approximately 47% of the total nitrogen. 
4.3.2 Monitoring of DO, ORP, Temperature, pH, and TSS 
For all SRTs, the ORP was maintained, on the average, below - 340 mV in the anaerobic tank 
and - 235 mV in the anoxic tank while ORPs in the oxic tank were approximately 100 mV (see Table 
4.5). The temperatures of the bioreactor content were maintained at approximately 22.5 ± 1.0 °C. 
In the oxic tank, the DO was kept above 2 mg/L while the DO in the anoxic tank was less than 0.5 
mg/L. The pH in the anoxic and oxic tanks was between 7 and 8. Suspended solids concentrations 
in the tanks increased proportionally with SRT and were, on average, 7,350 ± 99 mg/L in the 
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anaerobic tank, 3,505 ± 120 mg/L in the anoxic tank, and 7,400 ± 60 mg/L in the oxic tank for 25 
days SRT. TSS for 50 days and 75 days increased by approximately 2 and 2.5 times higher than 25 
days, respectively. 
4.3.3 Impact of Solids Residence Time on MBR Treatment Performance 
Figure 4.3(a) illustrates the soluble COD (sCOD) concentration of the feed, anaerobic 
effluent, anoxic effluent, and oxic effluent quality of the MBR for different SRTs (25, 50, and 75 
days). On the average, more than 93% of the soluble COD was removed for all three SRTs and the 
sCOD concentration of the final effluent was between 26~32 mg/L with a mean value of 29 mg/L. 
There were no significant differences between SRTs for the mean sCOD removal rates. An 
advantage of the MBR system as compared to conventional biological treatment systems is the ability 
to maintain higher biomass concentration resulting in sCOD removals equal or higher than 
conventional systems. Since the feed sCOD did not vary greatly, the effluent sCOD was consistently 
low and stabilized at less than 35 mg/L. With the MLSS concentrations varying from 7,500 to about 
Table 4.5 Suspended solids, pH, temperature, oxidation reduction potential, dissolved oxygen 
observations in anaerobic, anoxic, and oxic tanks under varying solids residence times 
Anaerobic TSS PH T°C ORP D.O. 
(mg/L) (°C) (mV) (mg/L) 
Anaerobic 
25 days 7,350±99 6.9±0.2 23.0±0.5 -346.0±23 0.0±0 
50 days 13,897±439 6.8±0.1 22.0±0.5 -364.0±15.2 0.0±0 
75 days 18,825±50 7.0±0.2 23.0±0.5 -391.014.5 0.0±0 
Anoxic 
25 days 3,505±120 7.3±0.2 23.0±0.5 -236.0±8.3 0.3±0.1 
50 days 7,300±170 7.2±0.2 23.0±0.5 -266.5±6.4 0.1±0.1 
75 days 9,530±148 7.3±0.2 23.0±0.5 -290.5±3.5 0.1±0.1 
Oxic 
25 days 7,400±60 7.5±0.2 23.0±0.5 108.0±5.5 2.9±0.3 
50 days 13,265±560 7.3±0.2 22.8±0.5 82.0±5.7 2.2±0.2 
75 days 18,275±310 7.1±0.1 22.0±0.5 76.5±3.5 2.0±0.2 
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18,000 mg/L, the mass loading rates for 25, 50, and 75 days were generally low at 0.20, 0.11, and 
0.07 kg COD/kg MLSS/d, respectively. Permissible mass loading rates for conventional systems are in 
the range of 0.3 - 0.6 kg COD/kg MLSS/d meaning that the MBR can take a higher influent COD load 
than a conventional system (Metcalf and Eddy, 1991, Stephenson et al., 2000). The volumetric 
loading for the MBR was as high as 1.5 kg COD/m3/d. Conventional systems have volumetric 
loadings in the range of 0.8 to 2.0 kg COD/nf/d, respectively (Metcalf and Eddy, 1991, Stephenson 
et al., 2000). 
TN concentrations in the effluent, however, varied from one SRT to another and TN 
concentrations as low as 9.3 ± 0.3 mg/L, 8.4 mg/L ± 0.3 and 8.3 ± 0.2 were achieved for 25 days, 
50 days, and 75 days SRT, respectively (see Figure 4.4). For each SRT, effluents of both anoxic and 
anaerobic tanks contained, on average, similar concentrations indicating that there was denitrification 
in the anaerobic tank at a similar rate as that of anoxic tank since both tanks received 100% 
recirculation. At 25 days, average N03" -N concentration was 0.5 mg/L for both anaerobic and anoxic 
tanks while, at 50 days, N03" -N was 0.3 - 0.4 mg/L. Seventy five days SRT demonstrated better 
denitrification in anaerobic and anoxic tanks with 0.2 mg N03" -N/L. Average N03" -N concentrations 
in the oxic tank effluents were 7.3, 6.6, and 6.7 mg/L for 25 days, 50 days, and 75 days, 
respectively. These numbers approx. constitutes 78 - 80% of the final effluent TN concentrations 
indicating there is still some room for improving denitrification provided that there is still readily 
available carbon source within. With 0.2 - 0.3 mg NH3 -N/L final effluent concentrations, the MBR 
demonstrated excellent nitrification at all SRTs. 
Final effluent phosphorus concentrations were as low as 3.5 ± 0.2 mg/L for 25 days and 2.8 
± 0.2 mg/L for 50 days, whereas 5.4 ±0.1 mg/L effluent TP concentrations were achieved for 75 
days (see Figure 4.3e). Deterioration of TP removal for 75 days suggest that there might be a 
limitation for PAO after a certain SRT. Anaerobic effluents have higher TP levels than the feed water 
after dilution due to recirculation. This indicates there was phosphorus release by PAO as expected. 
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Average TP concentration in the anaerobic effluent for 25 days was 11.3 mg/L while it was 14.4 and 
14.3 mg/L for 50 and 75 days, respectively. A similar trend was seen for anoxic effluents. Similarity 
in anaerobic TP for both 50 days and 75 days suggests a limitation for PAO beyond 50 days as well. 
This issue was further discussed in the modeling section of this chapter. The effluent TP levels for 
the various configurations were typically far from effluent standards (can vary from 0.5 to 2 mg 
TP/L). 
A summary of the percent removals for sCOD, TN, NH3-N, org-N, and TP for all three SRTs is 
presented in Table 4.6. As can be seen in the table, all SRTs gave similar sCOD and NH3-N removals. 
sCOD removal for the MBR with 25 days SRT was, on average, 93.5 ± 0.4% and lower than those of 
50 and 75 days SRT with 94.6 ± 0.7% and 94.7 ± 0.3%. The NH3-N removal was statistically similar 
for all SRT variations at more than 98.5%. Difference in TN removals between 25 days and 50 days 
and between 25 days and 75 days were significant with 77.9 ± 1.0% (25 days), 80.1 ±0.3% (50 
days), and 81.0 ± 0.3% (75 days). Increasing the SRT from 25 days to 50 days and 75 days 
resulted in an increase in average TN removals. Nitrogen elimination was achieved supporting the 
approach that the recirculation of nitrate - rich effluents from the oxic tank to the anoxic tank is 
necessary to improve denitrification. 
In the case of TP removal, 50 days SRT gave statistically higher TP removal at approximately 
80% than other SRTs. By further increasing the SRT to 75 days, average TP removal rate 
significantly decreased to 60.5 ± 0.4%. 
77 
Table 4.6 Summary of statistical t - test results for difference in mean performance of various solids 
residence times 
sCOD 25 days vs. 50 days 25 days vs. 75 days 50 days vs. 75 days 
Mean ± 95% C.I. 93.5+0.4 94.6 ± 0.7 93.5 ± 0.4 94.7 ± 0.3 94.6 ± 0.7 94.7 ±0.3 
Variance 0.1 0.5 0.1 0.1 0.5 0.1 
P(T<=t) two-tail 0.06 0.00 0.79 
TN 
Mean ± 95% C.I. 77.9 ± 1.0 80.6 ±0.3 77.9 ±1.0 81.0 ±0.3 80.6 ± 0.3 81.0 ±0.3 
Variance 0.9 0.1 0.9 0.1 0.1 0.1 
P(T<=t) two-tail 0.00 0.00 0.05 
NHs-N 
Mean ± 95% C.I. 98.9 ±0.2 98.9 ± 0.3 98.9 ±0.2 98.5 ± 0.3 98.9 ± 0.3 98.5 ± 0.3 
Variance 0.1 0.1 0.1 0.1 0.1 0.1 
P(T<=t) two-tail 0.80 0.09 0.13 
TP 
Mean ± 95% C.I. 74.8 ±1.2 79.6 ±0.4 74.8 ±1.2 60.5 ± 0.4 79.6 ± 0.4 60.5 ±0.4 
Variance 0.7 0.4 0.7 0.2 0.4 0.2 
P(T <=t) two-tail 0.00 0.00 0.00 
Statistical a = 0.05; P(T<=t) lower than 0.05 indicates a statistical difference between the mean values 
4.3.4 Modeling Biological Nutrient Removal in MBR with BioWin® under Varying Solids Residence 
Times 
The experimental data for MBR treatment performance at varying SRT was calibrated using 
the Biowin® AS/AD model. To obtain a better sense of the impact of various parameters of the 
model, a sensitivity analysis was conducted. The various kinetic parameters that showed an impact 
in the effluent TN and TP concentrations is presented in Figures 4.6 - 4.8. 
Figure 4.6 shows the sensitivity of predicted effluent TN and TP concentrations by varying 
the heterotrophic anoxic yield by ± 50% of the default value. A lower anoxic yield results with close 
to 50% variation in TP concentration and about 15% variation in TN concentration. Available 
literature on MBR for biological nutrient removal reported lower heterotrophic anoxic yield between 
0.2 to 0.4 as compared to default value of 0.54 of the Biowin® AS/AD model (Macomber et al., 
2005) 
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Based on the biological nutrient removal performance of MBR previously discussed, TP in the 
effluent varied greatly with SRT. Therefore, it is important to single out kinetic parameters that 
specifically impacts TP. The sensitivity analyses of kinetic parameters and corresponding sum of 
square error plots in Figures 4.4 and 4.5 revealed that anoxic growth factor, oxic endogenous decay 
rate, hydrolysis rate (AS), anoxic and anaerobic hydrolysis factors of heterotrophs and anoxic growth 
factor and oxic and anaerobic decay rates of the PAO have the most impact on TP. Among these, 
anoxic growth factor has the most impact on sum of square errors values. 
Since the TSS concentrations in anaerobic, anoxic, and oxic tanks differed at each SRT and 
the sum of square errors were as high as 8.6* 106 , maximum specific growth rates ((jmax) and 
endogenous decay rates (kc) for autotrophs, heterotrophs, and PAO were varied for initial calibration 
as well as heterotrophic anoxic yield was varied to 0.3 kg biomass COD/kg COD utilized. Once sum 
of square errors for anaerobic, anoxic, and oxic TSS concentrations were minimized as listed in Table 
4.7, kinetic parameters with the highest impact on TP were varied. This is followed by varying the 
less sensitive parameters to fully calibrate the model. Table 4.8 summarizes the sum of square 
errors for each parameter in the calibrated models. 
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AUTOTROPHS HETEROTROPHS PAO 
Mmax kdoxk Mmax kdoxk Mmax kd oxic TSS.. TSS.. TSS. Z SSE 
d"1 d1 d1 d1 d'1 d"1 mg/L mq/L mg/L 
Experimental (25 d) — — — — — — 7,350 3,505 7,400 — 
Default 0.90 0.17 3.20 0.62 0.95 0.10 7,272 3,635 6,901 272,344 
Calibrated 1.20 0.20 2.80 0.55 1.4 0.12 7,398 3,532 7,296 13,849 
Experimental (50 d) — — — — 13,897 7,300 13,265 
Default 0.90 0.17 3.20 0.62 0.95 0.10 12,267 6,132 11,672 6,558,989 
Calibrated 1.20 0.25 2.80 0.65 1.4 0.20 13,967 7,498 13,187 50,188 
Experimental (75 d) — — — — 18,825 9,530 18,275 ---
Default 0.90 0.17 3.20 0.62 0.95 0.10 17,016 8,506 16,209 8,590,304 
Calibrated 1.20 0.33 2.80 0.72 1.4 0.26 18,965 9,715 18,220 56,850 
aa- anaerobic; ao - anoxic; o - oxic, |jmax - maximum specific growth rate; kd oxic - oxic endogenous decay rate 
Table 4.8 Experimental and predicted effluent quality of membrane bioreactor under varying solids 
residence times 
sCOD IN NH,-N NO, -N* TP 
Solids residence time mg/L SSE mg/L SSE mg/L SSE mg/L SSE mg/L SSE I SSE 
25 days 
Experimental 32 — 9.3 — 0.2 — 7.3 — 3.5 — — 
Calibrated for TSS 34.9 8.4 9.2 0.0 0.3 0.0 7.6 0.1 3.9 0.2 8.7 
Final calibration 34 4.0 8.8 0.3 0.3 0.0 7.3 0.0 3.7 0.0 4.3 
50 days 
Experimental 26 — 8.4 — 0.3 — 6.6 — 2.8 — — 
Calibrated for TSS 36.2 104.0 9.8 2.0 0.3 0.0 7.9 1.7 7.1 18.5 126.2 
Final calibration 28.3 5.3 7.9 0.3 0.3 0.0 7.4 0.6 3.1 0.1 6.3 
75 days 
Experimental 27 — 8.3 — 0.3 — 6.7 — 5.4 — — 
Calibrated for TSS 35.1 65.6 10.4 4.4 0.3 0.0 8.1 2.0 8.5 9.6 81.6 
Final calibration 27.3 0.1 8.1 0.0 0.3 0.0 7.7 1.0 5.8 0.2 1.3 
* Experimental nitrate includes nitrite and the model assumes all nitrite is converted to nitrate. 
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From Table 4.7, it can be seen that specific jjmax (d"1) were 1.2, 2.8, and 1.4 for autotrophs, 
heterotrophs, and PAO for all SRT variations. Oxic endogenous decay rates (d"1) increased with SRT 
and were 0.12, 0.20, and 0.26 for PAO while heterotrophic oxic endogenous decay rates (d1) were 
0.55, 0.65, and 0.72 at 25, 50, and 75 days, respectively. The autotrophs had oxic endogenous 
decay rates (d1) of 0.20 (25 days), 0.25 (50 days), and 0.33 (75 days). The model simulation for 
TSS calibrated model successfully predicted sCOD, TN, NH3-N, N03" -N, and TP for 25 days SRT but 
over-predicted the effluent parameter concentrations (i.e., especially N03" -N and TP) except for NH3-
N for 50 and 75 days SRT. The model was recalibrated to adjust the predicted nitrogen and 
phosphorus concentrations through varying fermentation and anoxic and anaerobic hydrolysis factors 
for heterotrophs (see Table 4.9). The resulting sum of square errors were also included in Table 4.8 
as "Final calibration". These kinetic parameters increased with SRT probably resulting in more 
available organic substrate and lower phosphorus levels for 50 days SRT. As for 75 days, 
deterioration in phosphorus levels may be caused by further increase in oxic endogenous decay rates 
for PAO and possible substrate-limited conditions by lower F/M ratios. 
Table 4.9 Summary of recalibrated Biowin® AS/AD model parameters for nutrient removal in MBR 
AUTOTROPHS HETEROTROPHS PAOs 
AO AA 
Hydrolysis Hydrolysis Fermentation 
SRT Mmax Ki oxic Mmax Factor Factor Rate kd oxic Mmax kd 0xic 
(days) (d1) (d1) (d1) — (d1) (d1) (d1) (d1) 
Default 0.9 0.17 3.2 0.28 0.50 3.20 0.62 0.95 0.10 
25 days 1.2 0.20 3.2 0.28 0.50 3.65 0.55 0.95 0.10 
50 days 1.2 0.25 3.2 0.65 0.80 4.20 0.65 0.95 0.13 
75 days 1.2 0.33 3.2 0.70 0.90 4.70 0.72 0.95 0.17 
AO - Anoxic; AA - Anaerobic, pmax - maximum specific growth rate, kd 0Xic - oxic endogenous decay rate 
The kinetic parameters for the different SRTs are as shown in Table 4.9. The kinetic 
parameters were fitted with a second-order polynomial model as shown in Figure 4.6. A summary of 
the regressions are given in Table 4.10. The equations can be used to estimate new kinetic inputs 
for a desired SRT and effluent quality parameters can be estimated. The MBR system was operated 
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for 35 days SRT to verify the calibrated model and the results are summarized in Table 4.10. 
Compared to the defaults values, the calibrated model using the estimated kinetic parameters at 35 
days predicted the effluent characteristics very well with a SSE of 2,759 for 35 days SRT. Table 4.11 
summarizes all kinetic parameters used and calibrated in the model. 
Modeling of the experimental results indicates that the kinetic parameters of the membrane 
biological systems are a function of SRT and that the kinetic parameters should be corrected in the 
model to include this variation. The maximum specific growth rates did not change with SRT 
indicating that nutrient availability was similar between SRTs. However, oxic endogenous decay rates 
for autotrophs, heterotrophs, and PAOs increased with SRT indicating that the viable portion of cells 
to TSS would decrease. This may mean that longer SRT may result in higher TP concentration in the 
mixed liquor as a result of endogenous decay of the viable cells. 
Table 4.10 Summary of regressions for various kinetic parameters obtained by Biowin® AS/AD model 
Parameter Regression R2 
Autotrophic oxic endogenous decay rate (day1) = 2E-05 [SRT]A2 + 0.0002 [SRT] + 0.18 
Heterotrophic oxic endogenous decay rate (day1) = - 8E-06 [SRT]A2 + 0.0038 [SRT] + 0.48 
PAO oxic endogenous decay rate (day1) = 8E-06 [SRT]A2 + 0.0006 [SRT] + 0.08 
Heterotrophic fermentation rate (day"1) = 8E-06 [SRT]A2 + 0.0006 [SRT] + 0.08 
Anoxic hydrolysis factor = - 3E-04 [SRT]A2 + 0.0034 [SRT] - 0.41 
Anaerobic hydrolysis factor = - 4E-05 [SRT|A2 + 0.025 [SRT] 3.05 
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Figure 4.6 Variation of various kinetic parameters against SRT 
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Table 4.11 Predicted and experimental results in MBR for 35 days SRT 
TSS,, TSS.. TSS. SCOD TN NH3-N NO3 -N TP 
mq/L mq/L mq/L mq/L mg/L mq/L mq/L mg/L Z SSE(Eff) Z SSE (Total) 
Experimental 9,946 4,634 10,378 29 8.6 0.4 7.2 3.2 
Default 9,788 5,039 9,684 33.4 13.0 0.2 11.7 6.3 59 671,573 
Predicted 9,972 4,659 10,340 30.9 8.9 0.3 7.6 3.4 4 2,759 
Table 4.12 Summary of Biowin® AS/AD model parameters used for nutrient removal in MBR 
Autotrophs Unit Default Calibrated (25, 50, 75 days) 
Max. spec. Growth rate day"1 0.90 1.2 
Substrate (NH3) half sat. 1.1 
Oxic endogenous decay rate day"1 0.17 0.2, 0.25, 0.33 
Anoxic/anaerobic decay rate day"1 0.12 
C02 half sat. for autotrophs 0.01 
Heterotrophs 
Max. spec, growth rate day"1 3.20 2.8 
Substrate half sat. 5.00 
Anoxic growth factor 0.90 
Oxic endogenous decay rate day"1 0.30 
Anoxic/anaerobic endogenous decay rate day"1 0.10 
Hydrolysis rate (AS) day"1 3.15 
Hydrolysis half sat. (AS) 0.03 
Anoxic hydrolysis factor 0.28 0.3, 0.35, 0.37 
Anaerobic hydrolysis factor 0.50 0.55, 0.68, 0.73 
Adsorption rate of colloids day"1 0.80 
Ammonification rate day1 0.02 
Fermentation rate day"1 3.7 3.65, 4.2, 4.7 
Fermentation half sat. 5.00 
Anaerobic growth factor (AS) 0.05 
Hydrolysis rate (AD) day"1 0.10 
Hydrolysis half sat. (AD) 0.15 
PAO 
Max. spec. Growth rate day"1 1.50 1.4 
Max. spec. Growth rate, P-limited day1 0.60 
Substrate half sat. 0.10 
Substrate half sat., P-limited 0.05 
Oxic endogenous decay rate day"1 0.15 0.12, 0.2, 0.26 
Anaerobic endogenous decay rate day"1 0.06 
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4.4 CONCLUSIONS 
Among all SRTs tested in the MBR with anaerobic, anoxic, and oxic tanks, 50 days provided 
the highest TP removal with approximately 80%. Over 93% sCOD removal and 98.5% nitrification 
rates were obtained. Difference in TN removals between 25 days and 50 days and between 25 days 
and 75 days were significant with 77.9 ± 1.0% (25 days), 80.1 ±0.3% (50 days), and 81.0 ± 0.3% 
(75 days). Increasing the SRT from 25 days to 50 days and 75 days resulted in an increase in 
average TN removals. By further increasing the SRT to 75 days, average TP removal rate 
significantly decreased to 60% indicating that a limiting condition might have occurred for PAO. Up 
to 50 days, MBR could treat both carbonaceous and nutrient matter without problems, however 
nitrogen and phosphorus treatment performance deteriorated at 75 days. Calibration and simulation 
studies with Biowin® AS/AD model revealed that oxic endogenous decay rates increased with SRT 
and increased anoxic and anaerobic hydrolysis factors at higher SRTs compensated for the 
endogenous decay rates up to 50 days. Then, the conditions became limited due to high 
endogenous decay rates and high TSS concentrations resulted in low F/M ratios. Based on sensitivity 
results, heterotrophic anoxic yield, anoxic growth factor, oxic endogenous decay rate, hydrolysis rate 
(AS), anoxic and anaerobic hydrolysis factors of heterotrophs and anoxic growth factor and oxic and 
anaerobic endogenous decay rates of the PAO have the most impact on TP. When calibrating the 
Biowin® AS/AD model, initial calibration for varying TSS concentrations for various SRTs deemed 
useful followed by recalibration using the rest of the kinetic parameters. Heterotrophic anoxic yield 
was varied to 0.3. Specific (jmax were 1.2 day"1, 2.8 day"1, and 1.4 day"1 for autotrophs, heterotrophs, 
and PAOs for all SRT variations. Oxic endogenous decay rates increased with SRT and were 0.12 
day"1, 0.20 day"1, and 0.26 day"1 for PAO while heterotrophic oxic endogenous decay rates were 0.55 
day"1, 0.65 day"1, and 0.72 day"1 at 25, 50, and 75 days, respectively. Trends of variation in 
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fermentation and anoxie and anaerobic hydrolysis factors for heterotrophs and oxic endogenous 
decay rates can be used to predict effluent quality parameters for other SRTs. 
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CHAPTER 5 
MODIFICATION OF A FULL-SCALE SEQUENCING BATCH 
REACTOR FOR BIOLOGICAL NUTRIENT REMOVAL 
ABSTRACT 
Two biological nutrient removal schemes with varying sequences were proposed and applied 
in a full-scale sequencing batch reactor (SBR) system treating municipal wastewater and industrial 
wastewater from a salad dressing plant under warm and cold climate conditions. The existing SBR 
scheme (regular scheme) consisted of fill, aerated react, settle, decant, and idle periods based on 5 
cycles/day with a total time of 4.8 hours per cycle. The proposed biological nutrient removal 
schemes included anaerobic and anoxic sequences based on 4 cycles/day with a total time of 6 hours 
per cycle. BNR-S1 included 1.5 hrs of fill + decant (anaerobic), 1.5 hrs of fill (oxic), 0.5 hr of anoxic 
mixing, 1.6 hrs of oxic, and 0.9 hr of settle. In BNR-S2, the sequences applied were 1.5 hrs of fill + 
decant (anaerobic), 1.5 hrs of fill (anoxic + intermittent aeration), 0.5 hr of anoxic mixing, 1.6 hrs of 
oxic, and 0.9 hr of settle. The intermittent aeration in BNR-S2 was to maintain a dissolved oxygen 
concentration of 0.1 - 0.3 mg/L during anoxic sequences. During oxic sequences, the dissolved 
oxygen levels were maintained at 1.5 - 3 mg/L. The regular, BNR-S1, and BNR-S2 schemes achieved 
93.4 ± 1.9%, 95.5 ± 1.5%, and 94.3 ± 1.8% sCOD removal, respectively. With regards to BOD5 
removal, BNR-S2, statistically, provided the highest treatment performance (97.9 ± 0.9% removal) 
compared to other two schemes (95.6 ± 1.2% for BNR-S1 and 93.2 ± 1.4% for regular scheme) 
despite receiving the highest strength wastewater during the study period. BNR-S1 and BNR-S2 
provided much higher TN removal performance (84.3 ± 5.6 for BNR-S1 and 89.4 ± 4.7% for BNR-S2) 
as compared to regular scheme (54.7 ± 2.4%). The regular scheme provided an effluent with 11.3 
± 2.5 mg BOD5/L and 1.5 ± 0.8 mg NH3-N/L while BNR-S1 provided with 14.2 ± 1.6 mg BOD5/L and 
1.4 ± 0.3 mg NH3-N/L, and BNR-S2 provided with 7.8 ± 1.0 mg BOD5/L and 0.8 ± 0.1 mg NH3-N/L. 
Simultaneous filling and decanting in the basins seemed to work without causing suspended solids 
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carry-over. For the winter months, the temperature decrease affected the TN removal but sCOD 
removal and nitrification were similar to that of summer months. TN removal decreased to 70.4 ± 
3.1%. As for TP removal, the regular scheme provided, on average, 44.7 ± 6.6 % while BNR-S1 and 
BNR-S2 removed 88.2 ± 4.8% and 86.9 ± 9.3 % TP, respectively. Temperature decrease 
significantly impacted TP removal for BNR-S2 as TP removal decreased to around 70%. The 
proposed BNR-S2 consumed less power based on both overall and treatment performance than the 
regular scheme and BNR-S2 due to less aeration period. 
Keywords: Nutrient removal, nitrification, denitrifi cation, phosphorus uptake, phosphorus release. 
5.1 INTRODUCTION 
In an effort to improve the water quality of impaired bodies of water in the Midwest, US EPA 
has indicated that states in the Midwest may be required to meet discharge limitations for nitrogen 
and phosphorus and water bodies will be subjected to water quality criteria standards for these 
nutrients. These water quality criteria (for example, phosphorus in the water of an aquatic 
ecosystem may be set at between 0.05 to 0.1 mg/L) will have a tremendous impact on many 
municipal wastewater treatment plants which are considered as one of the main contributors of 
nutrients. In preparation of the eventual legislation, municipalities and state regulating agencies are 
investigating various alternatives. These alternatives may include modifications to the operations of 
wastewater treatment systems or may include addition of tertiary treatment units. 
A low-cost approach for the removal of nitrogen and phosphorus is the sequencing batch 
reactor (SBR). SBRs have been utilized extensively for the removal of carbonaceous fraction of the 
wastewater and in some cases nitrogen. Some of the early studies on nutrient removal using SBRs 
require modifications to the SBR and additional tanks or separated compartments within one tank, 
which eliminates ease of operation and design of SBR systems. Examples of modified SBRs are the 
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BioP-IDEA (Chong et al., 1999), which includes a modified IDEA (Intermittent Decant Extended 
Aeration) concept with a continuously operated, baffled anaerobic zone at the inlet of the tank 
through which the influent and a recycle flow from the main tank pass and CAST (Cyclic Activated 
Mixed liquor Technology), which refers to the use of variable volume treatment operating in a fed-
batch mode with fill-aeration, settle, and decant sequences (Demoulin et al., 1997). Garzon-Zuniga 
and Gonzalez-Martinez (1996) was successful in using a laboratory-scale biofilm SBR to obtain about 
75 ± 15% TP removal and 87 ± 10% ammonia-N removal from municipal wastewater with a 36-hour 
cycle duration of anaerobic (10 hrs), oxic (20 hrs), anoxic (3 hrs), and oxic (3 hrs). Dasanayake and 
Irvine (2001) and Lee et al. (2001) achieved almost complete phosphorus removal (99.9%) under a 
cycle length of 8 hrs with 1.5 hrs anaerobic, 1.5 hrs oxic, 2.5 hrs anoxic sequences, and 1 hr oxic for 
bench-scale SBR on synthetic wastewater. By varying the order of these sequences, Kargi and Uygur 
(2002, 2004) obtained 97% COD, 88% TN removal, and up to 92% TP removal for bench-scale SBR 
with 2 hrs anaerobic, 1 hr anoxic, 4.5 hrs oxic, 1.5 hrs anoxic, 1.5 hrs oxic, and 0.5 hr settle 
sequences treating simulated municipal wastewater at 10 days SRT. Keller et al. (2001) used a full-
scale SBR system by modifying the feeding sequence where feeding was done during both settle and 
decant periods. For a 4-hour cycle duration with sequences of settle and feed for 80 min, decant and 
feed for 60 (20 for feed) min, and oxic react for 100 min, the SBR removed 96% COD, 93% TN, and 
80% TP removal from municipal wastewater at 23 days SRT. 
Although SBRs have been shown to remove nutrient biologically, there are not many full-
scale studies conducted or reported in the literature. One of the most challenging issues in biological 
nutrient removal is the efficient use of the available carbon for biological phosphorus removal and 
denitrifi cation. The supply of carbon for the biological phosphorus uptake in the oxic phase or 
denitrifi cation in the anoxic phase may not be optimal, making it a challenge to operate a single tank 
SBR under various anaerobic, anoxic, and oxic conditions, to achieve nutrient removal. The efficiency 
of both nitrogen and phosphorous removal can be reduced by conditions that result in the 
metabolism of usable substrate by other biochemical pathways. In addition, the efficiency of 
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biological nutrient removal varies with the specific organic compound available in the anaerobic and 
anoxic compartments. However, it is possible that the various operating phases such as settling and 
decanting phases can be manipulated to provide differing conditions in the treatment basin for 
nutrient removal. Additionally, modifying the introduction of influent into the tank and at different 
phases can be an added option to introduce different conditions in different parts of the tank. 
The objective of this study was to investigate biological nutrient removal (nitrogen and 
phosphorus) in an existing full-scale SBR treating municipal wastewater mixed with effluents from a 
salad dressing plant and to assess the impact of seasonal temperatures on nutrient removal. Two 
operating sequences with a 6-hr cycle duration were tested. Most bench-scale and full-scale SBR 
systems operate at larger cycle durations between 8-24 hours. 
5.2 MATERIALS AND METHODS 
5.2.1 Wastewater Treatment Plant 
The study was conducted at the Grundy Center wastewater treatment facility, Iowa. The 
facility consisted of two sequencing batch reactor (SBR) basins, sludge storage facility, and an 
equalization pond (EQ) as shown in Figure 5.1. The facility treats sanitary wastewater from Grundy 
Center community with a population of 2,596 (2000 census) and Richelieu food processing facility 
since 1985. The treatment plant was originally designed as a circular oxidation ditch system but was 
later modified into an SBR. The treatment plant has a design capacity of 3,150 nf/day (832,000 
gallons/day) for average flow. Each SBR has a maximum operating volume of 1,340 m3 (354,000 
gallons) and regular operation includes 5 cycles/day with a sequence of 1 hr of mixed fill, 1.4 hrs of 
aerated (oxic) fill, 0.6 hr of aeration, 0.9 hr of settle, 0.9 hr of draw/waste for a total of 4.8 hours per 
cycle (see Table 5.1). The system had hydraulic and solids residence times (HRT and SRT) of 12 
hours and 10 days, respectively, and was designed for carbonaceous and ammonia removal. The 
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Figure 5.1 Schematic diagram of Grundy Center wastewater treatment facility 
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average air temperature in Grundy Center is 20.5 ± 6.5 °C (°F) in July - September period and -7.2 
± 4.8 °C (°F) in December - February period (USIA, 2005). 
5.2.2 Revised Operating Parameters and Conditions 
Two biological nutrient removal operating schemes BNR-S1 and BNR-S2 were proposed to 
promote biological nutrient removal in the existing plant based on a literature review conducted. The 
sequences and periods of the operating schemes tested are tabulated in Table 5.1. BNR-S2 
consisted of an anaerobic-anoxic-oxic sequence while BNR-S1 consisted of anaerobic-oxic-anoxic-oxic 
sequence. Before the biological nutrient removal schemes were applied, the overall performance of 
the existing system was determined by collecting 3 sets of 24-hour influent and effluent composite 
samples. This served as baseline data for comparison with the results of proposed schemes. BNR-S1 
was operated on 4 cycles/day with 1.5 hrs of fill and decant (anaerobic condition), 1.5 hrs of /7//only 
(oxic condition with air on), 1.5 hr of mixing (anoxic condition), 0.6 hrs of aeration (oxic condition), 
and 0.9 hr of settle. The elliptical SBR basins allowed filling from one end and decanting (with the 
use of surface decanter) at the other end. This scheme was operated between June and November 
2005. At the end of November 2005, the operation was switched over to BNR-S2 and was operated 
for more than 4 months. BNR-S2 operated on 4 cycles/day with 1.5 hrs of fill and decant (anaerobic 
condition), 1.5 hrs of fill (anoxic condition and intermittent aeration and), 0.5 hrs of mixing only 
(anoxic condition), 1.6 hr of aeration, and 0.9 hr of settle. The intermittent aeration of the anoxic 
sequence in BNR-S2 maintained a dissolved oxygen concentration between 0.1 and 0.3 mg/L. During 
oxic sequences for both schemes, the dissolved oxygen levels were maintained between 1.5 and 3 
mg/L. The desired solids residence time was controlled through mixed liquor wasting towards the 
end of the settle sequence in both schemes. The HRT0XiC and approximate SRT of the SBR were 8.4 
hrs and 13 days for BNR-S1 and 6.4 hrs and 13 days for BNR-S2, respectively. 
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Table 5.1 Regular SBR and proposed biological nutrient removal schemes for Grundy Center 
wastewater treatment plant 
Schemes Time, hrs Remarks 
Regular Scheme (5 cycles/day) 
Fill + Mixing 1 Total Duration of Aeration = 2 hrs 
Aerated (Oxic) Fill 1.4 
Oxic 0.6 
Settle 0.9 
Decant/Waste 0.9 
Total 4.8 
BNR-S1 (4 cycles/day) 
Anaerobic + Fill + Decant 1.5 Simultaneously 
Oxic (air on)+Fill 1.5 1.5 < D.O. < 3.0 mg/L 
Anoxic (mixing) 1.5 
Oxic (air on) 0.6 1.5 < D.O. < 3.0 mg/L 
Settle 0.9 Total Duration of Aeration = 2.1 hrs 
Total 6 
BNR- S2 (4 cycles/day) 
Anaerobic + Fill + Decant 1.5 Simultaneously 
Anoxic (intermittent air + mixing) + Fill 1.5 0.1 < D.O. < 0.3 mg/L 
Anoxic (mixing) 0.5 
Oxic (air on) 1.6 1.5 < D.O. < 3.0 mg/L 
Settle 0.9 Total Duration of Aeration = 1.6 hrs 
Total 6 
5.2.3 Control, Analysis, and Monitoring 
After switching to the biological nutrient removal schemes, composite influent and effluent 
samples were collected and analyzed for COD, SS, and NH3 for the first two cycles to ensure that the 
changeover is operating properly. This is followed by similar sample collection and analyses but on a 
less regular basis (once per two cycles and once per 2 or 3 days) to assess performance trend. 
Within 2 or 3 weeks of operation, the system was at steady state. At this point, grab samples were 
collected from the basin at various times within a cycle and analyzed for a full set of parameters 
suspended solids (SS), 5-day biochemical oxygen demand (BOD5), chemical oxygen demand (COD), 
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soluble chemical oxygen demand (COD), total nitrogen (TN), ammonia-nitrogen (NH3-N), nitrate-
nitrogen (N03~ -N), nitrite-nitrogen (NOz" -N), and total soluble phosphorus (TP). This was conducted 
twice over a week with samples collected from the basin every half hour to monitor the performance 
in each sequence along with 24-hr composite influent and effluent samples. For the BNR-S1, the 
grab samples were collected from 9/6/2005 to 9/9/2005 while the BNR-S2 were collected from 
10/11/2005 to 2/3/2006. 
During the operation, dissolved oxygen (DO), oxidation-reduction potential (ORP), pH, total 
suspended solids (TSS), temperature, and flow rates were recorded periodically. Power consumption 
data were obtained from the power meters of the facility. Oxygen concentration in the mixed liquor 
was monitored using a DO meter (Orion Model 830). ORP was measured with a pH/ORP-meter 
(Orion Model 260) during anaerobic, anoxic, and oxic periods. Ammonia (NH3-N) was measured 
using an ammonia meter (Orion Model 290A). The analysis of various constituents including TN, N03~ 
-N, NOz" -N, and TP were performed using Hach test chemicals while COD, BOD5, and TSS were 
analyzed in accordance with the Standard Methods (APHA, 1998). Half-hour settleability tests were 
conducted on mixed liquor to obtain mixed liquor volume index (SVI) for comparison purposes. 
5.2.4 Aeration Equipment 
Since the aeration equipment used was initially designed to aerate one basin at a time and, 
in the proposed schemes, there might be a need to aerate both basins simultaneously, the theoretical 
air requirement of the system was estimated based on the highest BOD5 and NH3-N loads recorded in 
any given season and daily biomass production. The capacity of the aeration equipment was 
estimated based on blower capacity, standard oxygen transfer efficiency data of the diffusers, and 
field correction factor and was found to be sufficient to meet the calculated oxygen demand (See 
Appendix C). 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Wastewater Characteristics 
The average wastewater characteristics for the combined influent wastewater (municipal and 
industrial wastewaters) are tabulated in Table 5.2. Based on the concentration ranges of the 
wastewater, the wastewater falls into the medium-strength category for municipal wastewater 
(Metcalf and Eddy, 1991). Soluble COD and BOD5 contribute approximately 80% and 60% of the 
total COD, respectively. About 54% of the total nitrogen comes from NH3-N. TN and TP 
concentrations were approximately 43 mg N/L and 11.4 mg P/L, respectively. 
Table 5.2 Wastewater characteristics for combined and industrial portion of the wastewater* 
Concentration, mg/L* 
Composition 
Combined Industrial 
Average Average Low High 
Flow rate (m3/d) 1,644 ± 1,108 91 ±37 11 214 
PH 7.7 ± 0.2 8.6 ± 1.8 5.1 12.3 
Chemical Oxygen Demand (COD) 510 ±9.1 4,260 ± 1,280 1,440 11,800 
Soluble Chem. Oxygen Demand (sCOD) 396 ± 8.0 NA NA NA 
Biochemical Oxygen Demand (BOD5) 295 ± 10.9 2,286 ± 1,462 453 6,500 
Oil and Grease NA 382 ± 268 64 1213 
Total Nitrogen (TN) 42.6 ± 2.0 NA NA NA 
Ammonia Nitrogen (NH3-N) 22.9 ± 1.8 NA NA NA 
Nitrite-nitrogen (N02~-N) 0.2 ± 0.1 NA NA NA 
Nitrate-nitrogen (N03"-N) 0.1 ± 0.1 NA NA NA 
Organic Nitrogen 20.7 ± 2.6 NA NA NA 
Total Soluble Phosphorus (TP) 11.4+0.9 NA NA NA 
Suspended Solids (SS) 75.4 ± 8.4 742 ± 581 179 2453 
# Statistical 95% C.I., * Based on records for 2004 and 2005 
Based on the flow rates (see Table 5.2), 5 - 20% of the total flow rate comes from the food 
processing industry. The characteristics of the industrial wastewater are also presented in Table 5.2. 
The composition of the industrial wastewater varied greatly such that values fluctuated between 453 
- 6,500 mg BOD5/L, 64 - 1,213 mg oil & grease/L, and 179 - 2,453 mg SS/L depending on the daily 
production volumes. Since the industrial facility does not have wastewater storage, after every batch 
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of production, wastewater discharge from the industrial facility usually ends up in a single cycle. 
Sometimes, it coincides with the peak municipal wastewater cycles in the late morning hours. All this 
usually results in non-steady operation of the SBR plant since flow equalization is generally not 
applied. This, at times, impacted the data collected during the study period. 
5.3.2 Compati son between Schemes 
The overall treatment performances in terms of % removal for the regular and the two 
proposed biological nutrient removal schemes at Grundy Center are summarized in Table 5.3. All 
three systems provided effluent quality well below the permit effluent discharge limit of 20 mg 
BOD5/L and 5 mg NH3-N /L as per Grundy Center NPDES permit limits. The regular SBR scheme 
provided an effluent with 11.3 ± 2.5 mg BOD5/L and 1.5 ± 0.8 mg NH3-N/L while BNR-S1 provided 
an effluent with 14.2 ± 1.6 mg BOD5/L and 1.4 ± 0.3 mg NH3-N/L, and BNR-S2 provided an effluent 
with 7.8 ± 1.0 mg BOD5/L and 0.8 ± 0.1 mg NH3-N/L. The concentrations above were based on 3, 8, 
and 13 samples collected for the regular, BNR-S1 and BNR-S2, respectively. Based on the final 
effluent concentrations, simultaneous filling and decanting in the basins apparently did not impact the 
quality of the final effluent. 
The regular scheme received 430 ± 158 mg sCOD/L, while BNR-S1 and S2 received 608 ± 
152 mg sCOD/L and 738 ± 233 mg sCOD/L, respectively. The influent sCOD for BNR-S2 varied 
greatly resulting in average sCOD greater than 30 mg/L, but the effluent BOD5 on average were 
better than the regular and BNR-S1 schemes. 
Based on the percent removal rates, all schemes provided excellent sCOD and BODs removal 
of more than 93%. Statistical t-tests were performed between treatment performances of all 
schemes and the summary of the tests were summarized in Table 5.4. For a = 0.05, if the 
probability of t-statistical being smaller or equal to t-critical [ P(T<=t) ] is lower than 0.05, then there 
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Table 5.3 Wastewater treatment performance of sequencing batch reactor 
Parameter 
sCOD BODs TN NH3-N N02 -N NO3 -N TP 
Regular 
Influent 
Effluent 
% Rem. 
430 ± 158 
26.7 ± 3.2 
93.4 ± 1.9 
175 ± 72 
11.3 ± 2.5 
93.2 ± 1.4 
41.9 ± 1.6 
19 ± 1.6 
54.7 ± 2.4 
21.2 ± 1.4 
1.5 ± 0.8 
93.2 ± 3.4 
0.2 ± 0.0 
3.4 ± 0.9 
0.4 ± 0.1 
10.5 ± 1.1 
10.8 ± 1.6 
6.0 ± 1.0 
44.7 ± 6.6 
BNR-S1 
Influent 
Effluent 
% Rem. 
August 
608 ± 152 
29.3 ± 4.8 
95.5 ± 1.5 
23.8 ± 2.3TC 
342 ± 83 
14.2 ± 1.6 
95.6 ± 1.2 
39.6 ± 2.4 
6.6 ± 2.0 
84.3 ± 5.6 
24.1 ± 4.7 
1.4 ± 0.3 
94.5 ± 1.4 
0.1 ±0.1 
1.3 ± 0.2 
0.3 ± 0.1 
2.6 ± 0.8 
9.5 ± 0.4 
1.5 ± 0.4 
88.2 ± 4.8 
BNR-S2 
Influent 
Effluent 
% Rem. 
October 
738 ± 233 
35.0 ± 6.2 
94.3 ± 1.8 
20.1 ± 2.9°C 
433 ± 211 
7.8 ± 1.0 
97.9 ± 0.9 
34.4 ± 0.8 
3.5 ± 1.6 
89.4 ± 4.7 
20.9 ± 2.3 
0.8 ±0.1 
97.3 ± 0.9 
0.8 ± 0.3 1.9 ± 0.7 
9.0 ± 3.0 
1.6 ± 1.5 
86.9 ± 9.3 
BNR-S2 
Influent 
Effluent 
% Rem. 
Jan/Feb 
830 ± 40 
34.7 ± 8.7 
95.4 ± 1.0 
15.7 ± 3.1°C 
NDA 
NDA 
NDA 
33.7 ± 2.4 
7.7 ± 1.0 
81 ± 1.4 
27.7 ± 1.0 
0.6 ±0.3 
96.1 ± 1.2 
1.7 ± 0.3 5.4 ± 0.6 
10.4 ± 0.6 
2.1 ±0.4 
70.4 ± 3.1 
Statistical 0 = 0.05 
Table 5.4 Summary of statistical t - test results for difference in mean performance between 
schemes 
sCOD Regular vs. BNR-S1 Regular vs. BNR-S2 BNR-S1 vs. BNR-S2 
Mean 93.4 95.5 93.4 94.3 95.5 94.3 
Variance 3.50 2.94 3.50 2.76 2.94 2.76 
P(T<=t) two-tail 0.19 0.50 0.27 
TN 
Mean 54.7 84.3 54.7 89.4 84.3 89.4 
Variance 5.55 28.44 5.55 11.27 28.44 11.27 
P(T<=t) two-tail 0.00 0.00 0.06 
NH3-N 
Mean 93.1 94.5 93.2 97.3 94.5 97.3 
Variance 11.51 1.85 11.51 2.99 1.85 2.99 
P(T<=t) two-tail 0.58 0.15 0.02 
TP 
Mean 44.7 88.2 44.7 86.9 88.2 86.9 
Variance 44.10 4.73 44.10 296.62 4.73 296.62 
P(T<=t) two-tail 0.01 0.01 0.13 
Statistical a = 0.05 
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is a statistical difference between the mean values. There were no significant differences between 
the mean sCOD removal rates for regular, BNR-S1, and BNR-S2. With regards to BOD5, BNR-S2 
provided the highest treatment performance (97.9 ± 0.9%) as compared to others despite the fact 
that this scheme received the highest strength wastewater. 
With respect to TN removal rates, BNR-S1 and S2 provided much higher treatment 
performance than the regular scheme with 54.7 ± 2.4%, 84.3 ± 5.6%, and 89.4 ± 4.7% for the 
regular, BNR-S1 and BNR-S2, respectively. Statistically, there is no significant difference between the 
mean TN removal rates for BNR-S1 and S2. All schemes provided ammonia-nitrogen concentrations, 
that were, on average, below 2 mg/L. Regular scheme provided 1.5 ± 0.8 mg NH3-N/L, whereas 
BNR-S2 provided 0.8 ± 0.1 mg NH3-N/L while BNR-S1 provided ammonia-nitrogen levels of 1.4 ± 0.3 
mg NH3-N/L possibly due to higher ammonia concentration in the influent. BNR-S2, as a comparison, 
provided the highest average TN removal and nitrification for relatively shorter aeration time (1.6 
hours). The total oxic cycle times for the regular, BNR-S1, and BNR-S2 were 2 hrs, 2.1 hrs, and 1.6 
hrs, respectively. Since BNR-S2 had a total of 2 hrs of anoxic cycle as compared to BNR-S1 with 1.5 
hrs of anoxic cycle, BNR-S2 provided better denitrification. This is in accordance with the effluent 
nitrite and nitrate nitrogen concentrations provided in Table 5.3. 
As for TP removal, however, the regular scheme provided, on average, 44.7 ± 6.6 % while 
BNR-S1 and BNR-S2 removed 88.2 ± 4.8% and 86.9 ± 9.3 % TP, respectively. Statistical t-test 
results indicate that there were significant differences in mean TP removal rates between regular and 
BNR-S1, regular and BNR-S2 while there was no significant difference between BNR-S1 and BNR-S2 
TP removals. It should be noted that despite the similar TP values, the variance for the TP removals 
were high probably caused by intermittent wastewater (high organic content) discharges from the 
industry. This once again signifies the importance of flow equalization. BNR-S1 provided the highest 
average TP removal rate probably because there was an oxic sequence just after fill + decant 
(anaerobic) which favors phosphorus uptake more than fill + decant (anaerobic) followed by anoxic 
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and then oxic sequences. A second oxic sequence before Settle in BNR-S1 may also have added 
impact on further phosphorus uptake. This is due to competition between phosphate accumulating 
organisms (PAO) and denitrifiers for readily available carbon source. TN removal rates, on the other 
hand, was higher for BNR-S2 than BNR-S1 for possibly similar reason. 
Mass loading rates were estimated to be 0.44 ± 0.16 kg COD/m3.d for the regular, 0.63 ± 
0.16 kg COD/nf.d for BNR-Sl, and 0.76 ± 0.24 kg COD/m3.d for BNR-S2. Mass loading rates with 
respect to MLSS in the basins were between the range of 0.14 ± 0.05 kg COD/kg MLSS/d for the 
regular scheme, 0.20 ± 0.05 kg COD/kg MLSS/d for BNR-Sl, and 0.24 ± 0.07 kg COD/kg MLSS/d for 
BNR-S2. 
5.3.3 Concentration Profiles within Cycles 
The concentration changes for COD, TN, NH3-N, N02" -N, N03" -N, TP, and DO over a cycle 
are plotted in Figures 5.2 and 5.3. As shown in Figure 5.2, there is a gradual increase in COD, TN, 
NH3-N, and TP concentrations due to the incoming feed during the anaerobic sequence. On the 
other hand, nitrite and nitrate concentrations decreased possibly due to dilution and/or 
denitrification. Keeping in mind that only one third of the basin is decanted every cycle, the influent 
concentrations are reduced by approximately one third. This is true as seen by the COD, TN, and 
NH3-N concentrations at the end of the initial fill period. However, for TP concentration changes, 
higher TP levels were observed at approximately 7 mg/L while the influent concentrations were about 
10 mg/L. This may be due to the release of the orthophosphate under anaerobic conditions by the 
PAO. This is also a possible reason why the COD concentrations indicated lower values than those 
expected after dilution. With the introduction of aeration, COD, TN, NH3-N, and TP concentrations 
decreased while N02" -N and N03" -N concentrations increase due to heterotrophic activity and 
nitrification. When switched to anoxic sequence, decrease in COD and TN continued while NH3-N and 
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COD 
Fill-Decant-AA Anoxic Fill (Oxic) 
9/9/05 9/6/05 
Time (min) 
Figure 5.2 Concentration profiles for BNR-Sl cycle (-•- Sampling on 9/6/05, - A -  Sampling on 9/9/05) 
103 
TP remained steady and TN, N02"-N and N03"-N decreased due to denitrification. Once the aeration 
was introduced again, some of the remaining NH3-N was nitrified and further phosphorus uptake was 
achieved. The DO profile throughout the cycle showed that very low DO concentrations were 
maintained during the anaerobic/anoxic periods. 
The profile for BNR-S2 in Figure 5.3 tells a similar story as BNR-Sl except that the order of 
the sequences follows an anaerobic, anoxic, and oxic sequences. The concentration data for each of 
the sampling event were more highly variable as compared to the sampling events for BNR-Sl. This 
may be due to the high variation in the influent concentrations resulting in non-steady operation of 
the SBR. As in BNR-Sl, TP concentration for BNR-S2 increased during the anaerobic sequence which 
may be due to phosphorus release or from influent wastewater while phosphorus uptake and 
nitrification took place in the oxic and settle sequences with a decrease in COD. The TN increased 
initially and then decreased while nitrate increased during the anoxic phase for sampling event 
10/15/05 unlike the anoxic phase for BNR-Sl where TN decreased due to denitrification. However, 
sampling event 10/18/05 showed a decrease and then an increase in TN. Unlike the results of BNR-
Sl, the TN decreased over the oxic and settle sequences while nitrification continued as seen by the 
decrease in NH3-N and increase in N03" -N. The amount of N03" -N increased with less than the 
amount of NH3-N decrease confirming the decrease in TN as measured. 
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5.3.4 Impact of Temperature on Biological Nutrient Removal 
Two sets of data were collected from the SBR during BNR-S2 operation in October 2005 and 
January/February 2006 with an average basin temperature of 20.1 ± 2.9 °C and 15.7 ± 3.1 °C, 
respectively, to evaluate the impact of temperature on biological nutrient removal performance. 
Statistical t-tests were performed for the treatment performance of BNR-S2 at two climatic 
temperatures and the summary of the t - tests were summarized in Table 5.5 ( P(T<=t) lower than 
0.05 indicates statistical difference). There were no significant differences in mean sCOD removal 
rates and nitrification rates between the temperatures but there were significant differences in the 
mean TN and TP removal rates. TN removal rates decreased from 88.7 ± 4.7% for high temperature 
to 81.1 ± 1.4% for low temperature. NH3-N removal in both temperatures was higher than 96% 
while TP removal, on average, decreased from 86.9% to 70.4%. 
In summary, both biological nutrient removal schemes provided better treatment 
performance than the regular scheme due to added biological nutrient removal performance. 
Between BNR-Sl and BNR-S2, although there is statistically no significant difference, BNR-S2, on 
average, provided better TN removal and nitrification with lower aeration times while demonstrating 
similar TP removal to that of BNR-Sl. However, there is still non-nitrified nitrite and nitrate nitrogen 
in both biological nutrient removal schemes with a total between 2.5 and 4 mg N/L (higher 
temperatures) and 6 to 7 mg N/L (lower temperatures). In addition, effluent TP levels are higher 
than 1 mg/L (possible discharge criteria). Further optimization of both biological nutrient removal 
schemes to maximize nitrogen and phosphorus removal can be conducted by adjusting the duration 
of each sequence within the cycle. For example, anaerobic duration can be decreased while anoxic 
duration is increased to improve nitrogen removal. Since the effluent TN and TP regulated limits may 
range form 4-8 mg/L TN and 1-2 mg/L TP depending on the receiving water stream, the 
proposed schemes appeared to be able to meet the proposed limits. 
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Table 5.5 Statistical t - test results for temperature impact on BNR-S2 performance 
COD TN NH3-N TP 
BNR-S2 Oct vs. Jan Oct vs. Jan Oct vs. Jan Oct vs. Jan 
Mean 94.3 95.4 89.4 81.0 97.3 96.1 86.9 70.4 
Variance 3 2 11 30 3 7 85 188 
P(T<=t) one-tail 0.16 0.01 0.22 0.02 
PCT<=t) two-tail 0.32 0.02 0.44 0.04 
Statistical a = 0.05 
5.3.5 SeffleabMty 
As can be seen in Figure 5.4, there is a relationship between settleability or SVI and MLSS 
concentration such that both followed a similar pattern. When MLSS increased, the settleability or 
SVI worsened. Typical SVI index for activated sludge systems for good settleability is 200 mL/g and 
below while desired 1/2 hour settleability value is 500 mL/L and below (Metcalf and Eddy, 1991). 
During operation with regular SBR scheme, settleability ranged between 200 to 900 mL/L with SVI 
mostly remaining below 200 mL/g but greater than 200 mL/g just before the biological nutrient 
removal schemes were introduced. When the biological nutrient removal schemes were introduced, 
the SVI was generally higher than 200 mL/g but less than 300 mL/g and settleability was mostly 
above 400 mL/L. This indicates that sludge settling in the biological nutrient removal schemes was 
not as good as that of regular scheme. However, since only 1/3 of the basins were decanted from 
the top, effluent quality did not deteriorate and was within the NPDES limits. One probable reason 
for the slightly poorer settleability is the shock organic loads released by the food manufacturing 
plant over the winter months of 2005 and 2006 resulting in foaming and poor biomass flocculation 
observed during settleability tests. The drop in the MLSS in the later part of the BNR-Sl and early 
part of the BNR-S2 was due to higher than normal wastage of sludge from the aeration basins. 
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Figure 5.4 Settleability, mixed liquor volume index (SVI), and mixed liquor suspended solids (MLSS) 
concentration of the mixed liquor of SBR 
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5.3.6 Power Consumption 
Plotted in Figure 5.5 is the power consumption before and after the application of biological 
nutrient removal schemes. Statistical hypothesis testing for mean treatment performances of the 
schemes concluded that biological nutrient removal schemes consumed less power as compared to 
the regular scheme due to shorter aeration times in the biological nutrient removal schemes (See 
Table 5.6). Average weekly power consumption for regular, BNR-Sl and BNR-S2 were 9,370 
kWh/week, 9,451 kWh/week, and 8,405 kWh/week, respectively. Since total duration of aeration 
within each scheme was 2.1 hrs for regular, 2 hrs for BNR-Sl and 1.6 hrs for BNR-S2, BNR-S2 had 
significantly lower power consumption than the others as supported by the t-test performed and 
summarized in Table 5.6. Accordingly, there is no significant difference in mean power consumption 
between the regular SBR and BNR-Sl while mean power consumption was significantly different 
between BNR-Sl and BNR-S2 and between regular and BNR-S2. 
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Table 5.6 Statistical t - test results for mean power consumption difference between schemes 
Regular vs. BNR-Sl Regular vs. BNR-S2 BNR-Sl vs. BNR-S2 
Mean 9,373 9,353 9,373 8,436 9,353 8,436 
Variance 1,097,539 297,448 1,097,539 352,950 297,448 352,950 
P(T<=t) two-tail 0.75 0.00 0.00 
Statistical a = 0.05 
Power consumption data by itself may not be a sufficient tool to compare between schemes 
since most of the times, the influent characteristics of the wastewater consistently changes due to 
seasons, the amount and the quality of industrial discharges. Then, it is better to assess power 
consumption per kg constituent (COD, BOD5) removed or per m3 wastewater treated. Table 5.7 
summarizes the relationship between power usage and treatment performance. When looked at the 
flowrates, the system is only operating at 2/3 of its total design capacity (1,575 m3/d for single basin) 
while BNR-S2 (Oct) received and treated, on average, more COD and BOD5 than the others although 
the flowrates were similar. On the other hand, BNR-S2(Oct) consumed less energy than the others 
indicating that this scheme is better than the others keeping in mind that similar biological nutrient 
removal performance was obtained compared to BNR-Sl. Power consumption based on the 
treatment were, on average, 2.8 ± 0.9 kWh/kg sCODremoved (4.4 ± 1.5 kWh/kg BOD5removed) for 
regular SBR, 2.8 ± 0.7 kWh/kg sCODremoved (4.5 ± 1.1 kWh/kg BOD5removed) for BNR-Sl, and 2.1 ± 0.8 
kWh/kg sCODremoved (3.2 ± 1.2 kWh/kg BOD5removed) for BNR-S2. All schemes had consumed approx. 
1 kWh per m3 wastewater treated. 3.7 ± 1.4 kWh/kg BOD5removed (2.3 ± 0.9 kWh/kg sCODremoved) for 
BNR-S2(Jan) are similar to BNR-S2(Oct) with 3.2 ± 1.2 kWh/kg BOD5rem0ved (2.1 ± 0.8 kWh/kg 
sCODremoved). The values for the regular scheme and BNR-Sl, however, were approx. 35% higher 
than BNR-S2(Oct). 
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Table 5.7 Relationship between power usage and treatment performance (single basin only) 
Scheme* 
Regular BNR-Sl BNR-S2 (Oct) BNR-S2 (Jan) 
Flow rate, m3 /d 1,040 ± 317 1,188 ± 221 1,068 ± 171 1,076 ± 240 
kg BODs/day 261 ± 104 285 ± 75 426 ± 112 338 ± 160 
kg sCOD/day 417 ± 166 457 ± 119 682 ± 180 540 ± 256 
Power Data fkWh^ 
Weekly 9,373 ± 1,044 9,353 ± 794 8,436 ± 472 8,240 ± 696 
per kg BOD5 removed/d 4.4 ± 1.5 4.5 ± 1.1 3.2 ± 1.2 3.7 ± 1.4 
per kg sCOD removed/d 2.8 ± 0.9 2.8 ± 0.7 2.1 ± 0.8 2.3 ± 0.9 
per m3 treated/d 0.9 ± 0.3 0.9 ± 0.2 1.1 ± 0.2 1.0 ± 0.1 
* Average (±st.dev.) for a = 0.05 
5.4 CONCLUSIONS 
This study shows that an existing SBR treatment plant can be easily converted to a treatment 
system for removal of both carbonaceous and nutrient removal (nitrogen and phosphorus). The 
changes needed were reprogramming the various sequences of the SBR into anaerobic, anoxic, and 
oxic sequences with intermittent aeration and adjusting the fill and decanting sequences. The 
regular SBR and the two biological nutrient removal schemes provided excellent sCOD removal with 
the regular, BNR-Sl, and BNR-S2 schemes achieving 93.4 ± 1.9%, 95.5 ± 1.5%, and 94.3 ± 1.8% 
sCOD removal, respectively, over the study period. With regards to BOD5, BNR-S2, statistically, 
provided the highest treatment performance (97.9 ± 0.9%) as compared to other two schemes 
despite the fact that this scheme received the highest strength wastewater during the testing of this 
scheme. BNR-Sl, on average, provided 95.6 ± 1.2% and the regular scheme provided an average 
BODg removal of 93.2 ± 1.4%. Biological nutrient removal schemes 1 and 2 provided much higher 
TN removal performance (84.3 ± 5.6% and 89.4 ± 4.7%, respectively) as compared to the regular 
scheme (54.7 ± 2.4%). The regular scheme provided an effluent with 11.3 ± 2.5 mg BOD5/L and 
1.5 ± 0.8 mg NH3-N/L while BNR-Sl provided with 14.2 ± 1.6 mg BODs/L and 1.4 ± 0.3 mg NH3-N/L, 
and BNR-S2 provided with 7.8 ± 1.0 mg BOD5/L and 0.8 ±0.1 mg NH3-N/L. Phosphorus removal 
Ill 
rates were 44.7 ± 6.6%, 88.2 ± 4.8%, and 86.9 ± 9.3% for the regular, BNR-Sl, and BNR-S2 with 
final phosphorus concentrations of 6 ± 1.0 mg/L, 1.5 ± 0.4 mg/L, and 1.6 ± 1.5 mg/L, respectively. 
Simultaneous filling and decanting in the basins worked well without biomass carry-over problems. 
Winter studies conducted on BNR-S2 showed temperature seemed to affect TN and TP removal 
negatively but did not impact sCOD and NH3-N removal. The TN and TP removal decreased from 
89.4 ± 4.7% to 81 ± 1.4% and from 86.9 ± 9.3% to 70.4 ± 3.1%, respectively. The proposed BNR-
52 was found to consume less power than the regular scheme and BNR-Sl due to less aeration 
period. Power consumption based on treatment performance for the regular scheme and BNR-Sl 
were similar while BNR-S2 consumed about 35% less power on a per kg COD removed basis than the 
other two schemes. 
In summary, BNR-S2 seemed to have a slightly better edge than BNR-Sl but due to the 
varying influent wastewater conditions, comparison of the schemes cannot be fully equated. This 
study shows that it is possible to use a 6-hours cycle to achieve reasonable nitrogen and phosphorus 
removal in municipal wastewater. However, both biological nutrient removal schemes can be further 
optimized to maximize nitrogen removal via decreasing the duration of anaerobic sequence and 
increase the duration of anoxic sequence within the cycle. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
Recirculation of the mixed liquor to the start of the anaerobic compartment and permeate to 
the anoxic compartment improved biological nutrient removal in MBR. Of the five configurations 
tested, this configuration provided with the highest TN and TP removals, on average, 75.6 ± 0.4% 
TN removal, 71.5 ± 0.7 org-N removal, 62.4 ± 1.3% TP removal, and almost complete nitrification 
(97.7 ± 0.6%) for 25 days SRT and 2 hrs anaerobic, 2 hrs anoxic, and 8 hrs oxic HRTs. All five 
configurations, on average, gave more than approx. 92% sCOD removal. Within the same 
configuration, permeate and mixed liquor recirculation rates were varied and highest TP removal was 
obtained in 300%/100% (mixed liquor/permeate) recirculation with 88.1 ± 1.3% TP removal while 
highest TN removal was obtained in 200%/300% recirculation with 90.3 ± 0.3% TN removal. TN 
and TP concentrations as low as 4.2 ± 0.1 mg/L and 1.4 ± 0.2 mg/L were obtained. Mass loading 
rate was generally low in the range of 0.11 - 0.22 kg COD/kg MLSS/d due to high biomass 
concentrations within the reactor (about 8,000 mg/L). Volumetric loadings as high as 0.46~0.91 kg 
COD/nf/d were achieved. Varying the solids residence time in MBR between 25 and 75 days SRT 
impacted biological nutrient removal with 77.9 ± 1.0% TN and 70.3 ± 0.8% TP for 25 days, 80.6 ± 
0.3% TN and 75.5 ± 1.4%TP for 50 days, and 84.8 ± 0.5% TN and 61.5 ± 1.5% TP for 75 days. 
The calibrated Biowin® AS/AD model predicted the sCOD, TN, and TP of MBR for varying 
recirculation configurations. Model kinetic parameters such as fermentation rate, anoxic growth 
factor, anaerobic growth factor of the heterotrophs and anoxic growth factor, anaerobic hydrolysis 
factor of the heterotrophs, anoxic growth factor, oxic endogenous decay rate of the PAO had the 
most impact on the effluent TN and TP the most, respectively. The optimum heterotrophic yield, 
Mmax-autotroph/ Mmax-heterotroph/ snd |Jmax-PAO were found to be 0.2, 0.45, 3.2, and 1.5, respectively. 
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Reasonable nitrogen and phosphorus removal from municipal wastewater was achieved in a 
6-hours cycle in an existing SBR treatment plant. The SBR plant was easily converted to a treatment 
system for removal of both carbonaceous and nutrient removal (nitrogen and phosphorus) through 
changes such as reprogramming the various sequences of the SBR into anaerobic, anoxic, and oxic 
sequences with intermittent aeration and adjusting the fill and decanting sequences. The regular 
SBR and the two proposed biological nutrient removal schemes provided excellent sCOD and BOD5 
removal (93 - 98% on average) despite the high variation in the wastewater composition during this 
study. Both biological nutrient removal schemes, on average, provided 84 - 90% TN removal as 
compared to the regular scheme with 55%. Effluent concentrations for biological nutrient removal 
schemes were well below the discharge requirements with 11.3 ± 2.5 mg BOD5/L and 1.5 ± 0.8 mg 
NH3-N/L for the regular scheme, provided with 14.2 ± 1.6 mg BOD5/L and 1.4 ± 0.3 mg NH3-N/L for 
BNR-S1, 7.8 ± 1.0 mg BOD5/L and 0.8 ±0.1 mg NH3-N/L for BNR-S2. Phosphorus removal rates 
were 44.7 ± 6.6%, 88.2 ± 4.8%, and 86.9 ± 9.3% for the regular, BNR-S1, and BNR-52 with final 
phosphorus concentrations of 6 ± 1.0 mg/L, 1.5 ± 0.4 mg/L, and 1.6 ± 1.5 mg/L, respectively. 
Simultaneous filling and decanting in the basins worked well without causing biomass carry-over 
problems. Winter temperatures conducted on BNR-S2 affected TN and TP removal negatively but did 
not impact sCOD and NH3-N removal. The TN and TP removal decreased from 89.4 ± 4.7% to 81 ± 
1.4% and from 86.9 ± 9.3% to 70.4 ± 3.1%, respectively. The proposed BNR-S2 consumed less 
power than the regular scheme and BNR-S1 due to less aeration period. Power consumption based 
on treatment performance for the regular scheme and BNR-S1 were similar while BNR-S2 consumed 
about 35% less power on a per kg COD removed basis than the other two schemes. In summary, 
BNR-52 seemed to have a slightly better edge than BNR-S1 but due to the varying influent 
wastewater conditions, comparison of the schemes cannot be fully equated. Both biological nutrient 
removal schemes can be further optimized to maximize nitrogen removal via decreasing the duration 
of anaerobic sequence and increase the duration of anoxic sequence within the cycle. 
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6.2 Recommendations for Future Research 
The effect of limited and excess concentrations of nitrogen or phosphorus in the wastewater 
to be treated in MBRs may be significant to research. The relationship between biological nutrient 
removal performance and long solids residence times can be further studied at varying C/P and C/N 
ratios. These two criteria can be included in kinetic models to further apprehend the limitations of 
long solids residence times at MBR for biological nutrient removal. Variations in microbial populations 
in the MBR under a wide range of solids residence times and their response to various nutrient 
conditions requires further investigation. The impact of mixed liquor recirculation in MBR biological 
nutrient removal performance may be further defined by observing the changes in PAOs and GAOs 
and their interaction in-between. Also, the impact of shock loads of nutrients or toxic compounds on 
the operational performance and biological efficiency of MBRs remain unknown. This information 
could be essential in the application of MBRs with wastewater susceptible to variations in phosphorus, 
nitrogen, and toxic compounds. Examples would include effluents from industries producing specialty 
chemicals, such as fertilizers, and wastewater contaminated by agricultural runoffs. Provided that 
more research data is available based on the issues listed above, more researchers, consultants, and 
operators would have a better understanding of this technology resulting in a wider application of 
MBR technology with its many advantages. 
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APPENDIX A 
EXPERIMENTAL DATA FOR CHAPTER 3 
Table A.1 Feed characteristics for various configurations 
Stage 
Feed Characteristics (as mg/L where applicable) 
Time, d Day COD sCOD TN NHi-N NO," -N NO3- -N Org-N TP TSS pH T°C ORP, mV 
9-Aug-04 1 522 413 44 23 0.3 0.1 21.6 11.2 67 7.8 8 -34 
10-Aug-04 2 514 403 41 21 0.2 0.1 21.9 10.2 69 7.6 7 -28 
11rAug-04 3 498 396 
12-Aug-04 4 510 398 39 24 0.2 0.2 18.2 9.8 87 7.7 6 -20 
13-Aug-04 5 492 384 
14^Aug-04 6 511 397 42 22 0.4 0.1 20.5 10.2 65 7.8 7 -33 
15-Aug-04 7 524 407 
16-Aug-04 8 504 393 41 21 0.3 0.1 21.8 11.4 82 7.8 8 -22 
23-Aug-04 15 508 395 44 24 0.1 0.1 20.6 12.4 69 7.6 8 -21 
30-Aug-04 22 496 389 39 23 0.2 0.2 19.4 10.2 70 7.6 7 -27 
6-Sep-04 29 516 405 
13-Sep-04 36 510 400 42 25 0.3 0.1 17.0 11.3 76 7.7 7 -23 
20-Sep-04 43 512 404 
27-Sep-04 50 505 394 41 24 0.2 0.1 18.3 10.9 68 7.5 8 -36 
11-0ct-04 64 507 395 
25-Oct-04 78 513 398 
8-Nov-04 92 521 406 45 21 0.2 0.2 24.0 11.2 81 7.6 8 -24 
o 
o 
tr 
m 
o 
o 
< 
o 
w 
15-Nov-04 99 507 388 
X- 22-NOV-04 106 513 387 44 24 0.3 0.1 20.4 13.6 67 7.6 7 -33 
C 
O 29-Nov-04 113 522 392 O 6-Deo-04 120 502 388 44 20 0.1 0.1 25.4 12.4 70 7.8 8 -31 
13-Deo-04 127 515 396 
Table A.1 (cont'd) Feed characteristics for various configurations 
Feed Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD BODs TN NH,-N NOz--N NO3--N Org-N TP TSS pH T°C ORP, mV 
9-Aug-04 1 522 491 317 44 23 0.3 0.1 21.6 11.2 67 7.8 8 -34 
10-Aug-04 2 514 493 301 41 21 0.2 0.1 21.9 10.2 69 7.6 7 -28 
11-Aug-04 3 498 470 
12-Aug-04 4 510 487 297 39 24 0.2 0.2 18.2 9.8 87 7.7 6 -20 
LL 
Z 13-Aug-04 5 492 456 
8 14-Aug-04 6 511 485 296 42 22 0.4 0.1 20.5 10.2 65 7.8 7 -33 
05 15-Aug-04 7 524 483 
Û 
z 16-Aug-04 8 504 481 290 41 21 0.3 0.1 21.8 11.4 82 7.8 8 -22 
3 23-Aug-04 15 508 469 302 44 24 0.1 0.1 20.6 12.4 69 7.6 8 -21 
o 30-Aug-04 22 496 476 284 39 23 0.2 0.2 19.4 10.2 70 7.6 7 -27 
1 6-Sep-04 29 516 481 
_l 13-Sep-04 36 510 489 298 42 25 0.3 0.1 17.0 11.3 76 7.7 7 -23 
20-Sep-04 43 512 480 
27-Sep-04 
11-0ct-04 
25-Oct-04 
50 
64 
78 
505 
507 
513 
482 
469 
487 
294 41 24 0.2 0.1 18.3 10.9 68 7.5 8 -36 
S-Nov-04 92 521 482 312 45 21 0.2 0.2 24.0 11.2 81 7.6 8 -24 
15-Nov-04 99 507 474 
T- 22-Nov-04 106 513 459 298 44 24 0.3 0.1 20.4 13.6 67 7.6 7 -33 
c O 29-Nov-04 113 522 479 O 6-Dec-04 
13-Deo-04 
120 
127 
502 
515 
460 
484 
297 44 20 0.1 0.1 25.4 12.4 70 7.8 8 -31 
Table A.2 Anaerobic effluent characteristics for various configurations 
Anaerobic Effluent Characteristics (as mg/L where applicable) 
Date Time, d sCOD TN NHj-N N02"-N z 9
 
z
 
Org-N TP TSS PH rc ORP, mV D.O. 
9-Aug-04 1 206 28.7 14.9 0.8 1.9 11.5 8.8 2150 7.6 23 -120 0.03 
10-Aug-04 2 194 28.6 14.7 0.6 1.7 11.4 8.7 3260 7.6 21 -141 0.02 
11-Aug-04 3 191 28.3 14.6 0.6 1.8 11.4 8.5 
12-Aug-04 4 188 28.1 14.4 0.5 1.7 11.2 8.5 4140 7.4 22 -161 0.03 
LL 
Z 13-Aug-04 5 187 27.5 14.3 0.7 1.6 11.3 8.4 
8 14-Aug-04 6 185 27.8 14.2 0.6 1.7 11.1 8.4 5360 7.2 21.5 -166 0.02 
Ê 15-Aug-04 7 184 26.9 14.1 0.4 1.5 11.0 8.5 
Q 
Z 16rAug-04 8 179 27.1 13.9 0.3 1.7 10.9 8.6 5690 7.1 22 -171 0.02 
ZD 23-Aug-04 15 174 25.9 13.6 0.4 1.6 10.7 8.5 5880 6.9 22 -190 
o 30-Aug-04 22 173 26.3 13.2 0.5 1.6 10.8 8.5 5940 6.8 21 -259 0.04 
1 6-Sep-04 29 168 25.4 12.8 0.6 1.5 10.6 8.5 6040 
_l 
o 
g 
13-Sep-04 36 168 25.2 12.3 0.4 1.6 10.6 8.5 6.7 23.5 -320 
20-Sep-04 43 164 24.0 11.7 0.6 1.6 10.5 8.6 6120 
27-Sep-04 50 165 24.0 11.5 0.5 1.4 10.4 8.7 6140 6.7 22 0.02 
11-0ct-04 64 157 23.6 11.3 0.6 1.4 10.4 8.6 6100 -355 
25-Oct-04 78 162 24.1 11.4 0.6 1.5 10.3 8.5 6220 
8-Nov-04 92 163 23.2 11.3 0.6 1.4 10.3 8.6 6160 6.6 22.5 -400 0.03 
c 
15-Nov-04 99 157 23.6 11.2 0.5 1.3 10.4 8.5 5940 
o 22-Nov-04 106 154 23.6 11.3 0.7 1.5 10.2 8.3 7.0 23 -374 0.04 
29-Nov-04 113 153 24.1 11.4 0.6 1.5 10.3 8.3 6100 
6-Dec-04 120 157 23.1 11.2 0.6 1.4 10.3 8.3 6020 6.9 21.5 -387 0.05 
13-Dec-04 127 153 23.5 11.3 0.5 1.3 10.2 8.3 6220 
Table A.2 (cont'd) Anaerobic effluent characteristics for various configurations 
Anaerobic Effluent Characteristics (as mg/L where applicable) 
ORP, 
Date Time, d sCOD TN NH3 -N N02--N NO3"-N Org-N TP TSS RH T°C mV D.O. 
24-Jan-05 169 
CO 31-Jan-05 176 
c 
o 7-Feb-05 183 O 14-Feb-05 
21-Feb-05 
190 
197 
28-Feb-05 204 
7-Mar-05 211 
c O 14-Mar-05 218 O 21-Mar-05 
28-Mar-05 
225 
232 
o 
o 4-Apr-05 239 163 23.3 11.3 0.5 1.2 10.2 8.1 5990 -361 
§ 11-Apr-05 246 158 23.3 11.4 0.6 1.3 10.2 8.0 0.04 
CsJ 
16-Apr-05 251 153 23.4 11.2 0.5 1.3 10.1 8.1 6100 
c 21-Apr-05 256 153 22.7 11.3 0.5 1.1 10.2 8.0 6.9 23 -346 0.02 
O 26-Apr-05 261 152 23.2 11.2 0.4 1.2 10.2 8.0 6140 
1-May-05 266 155 22.8 11.2 0.5 1.1 10.2 8.0 
§ 6-May-05 271 151 23.2 11.3 0.6 1.0 10.1 8.1 6.6 23 -368 0.05 
1 11-May-05 276 152 21.4 11.2 0.5 10.2 7.9 6040 
16-May-05 281 156 23.2 11.2 0.5 1.2 10.1 8.0 
21-May-05 286 153 22.7 11.2 0.5 1.0 10.1 8.0 6160 0.04 
Table A.3 Anoxie effluent characteristics for various configurations 
Anoxic Effluent Characteristics (as mg/L where applicable) 
Date Time, d sCOD TN NH3-N NO/ -N NO,-N Org-N TP TSS pH T°C ORP, mV D.O. 
9-Aug-04 1 143 33.4 14.9 2.6 4.9 11.5 9.0 8320 7.8 23 0.9 
10-Aug-04 2 157 33.3 14.7 2.6 5.1 11.4 8.5 7660 21 -56 0.6 
11-Aug-04 3 153 33.2 14.6 2.5 5.3 11.4 8.4 7080 
12-Aug-04 4 144 32.5 14.4 2.3 5.0 11.2 8.6 6900 8.0 22 -76 0.4 
LL 
Z 13-Aug-04 5 142 32.3 14.3 2.0 5.1 11.3 8.6 7000 -100 0.4 
8 14-Aug-04 6 140 32.1 14.2 1.8 5.5 11.1 8.2 7060 7.7 21.5 -126 0.2 
03 15-Aug-04 7 142 31.9 14.1 1.6 5.6 11.0 8.4 
Q 
Z 16-Aug-04 8 144 31.9 13.9 1.8 5.8 10.9 8.7 7200 22 -156 0.2 
3 
Z 
23-Aug-04 15 138 31.6 13.6 1.5 6.3 10.7 8.7 7300 7.9 21 -191 0.3 
o 30-Aug-04 22 137 30.9 13.2 1.4 5.9 10.8 8.3 21 -232 0.3 
1 6-Sep-04 29 133 29.9 12.8 1.3 5.7 10.6 8.4 7640 0.2 
o 
13-Sep-04 36 130 29.2 12.3 1.4 5.4 10.6 8.6 7.7 23.5 0.4 
20-Sep-04 43 127 27.9 11.7 1.1 5.0 10.5 8.8 -244 
27-Sep-04 50 124 27.6 11.5 1.3 4.9 10.4 8.5 22 -236 0.3 
11-0ct-04 64 119 27.3 11.3 1.3 4.8 10.4 8.5 7740 
25-Oct-04 78 123 27.3 11.4 1.2 4.9 10.3 8.6 
S-Nov-04 92 122 27.2 11.3 1.1 4.9 10.3 8.8 7580 7.6 22.5 -229 0.2 
15-Nov-04 99 120 27.3 11.2 1.5 4.7 10.4 8.3 
T- 22-Nov-04 106 122 27.2 11.3 1.6 4.6 10.2 8.2 7840 7.4 23 -240 0.1 
c 
o 29-Nov-04 113 117 27.1 11.4 1.3 4.6 10.3 8.6 0.2 O 6-Dec-04 120 121 27.1 11.2 1.6 4.5 10.3 8.5 7880 21.5 -248 
13-Dec-04 127 118 27.1 11.3 1.5 4.5 10.2 8.1 0.2 
Table A.3 (cont'd) Anoxie effluent characteristics for various configurations 
Anoxic Effluent Characteristics (as mg/L where applicable) 
ORP, 
Date Time, d sCOD TN NH, -N NOz-N NO," -N Org-N TP TSS pH T°C mV D.O. 
20-Dec-04 134 114 18.9 7.7 1.3 3.4 6.9 6.9 7680 8.0 23 -230 
CM 27-Det>04 141 115 18.6 7.5 1.2 3.3 7.0 6.8 0.4 
C 
o 3-Jan-05 148 114 18.6 7.6 1.3 3.3 6.8 6.7 7540 0.3 O 10-Jan-05 155 112 19.0 7.7 1.5 3.3 6.9 6.8 7.5 22 -222 
17-Jan-05 162 114 18.6 7.7 1.2 3.3 6.9 6.6 7980 0.4 
24-Jan-05 169 119 26.8 11.2 1.5 4.5 10.2 6.1 22 -233 
CO 31-Jan-05 176 116 26.7 11.3 1.3 4.4 10.2 5.8 7640 7.9 0.4 
O 7-Feb-05 183 121 27.0 11.4 1.5 4.4 10.3 5.7 8.1 0.2 O 14-Feb-05 190 117 26.6 11.2 1.2 4.4 10.2 5.4 7820 23 -225 
21-Feb-05 197 119 26.8 11.3 1.3 4.5 10.2 5.3 0.4 
28-Feb-05 204 122 18.6 7.6 1.3 3.3 6.8 4.4 7660 7.6 21.5 -215 0.3 
7-Mar-05 211 121 18.4 7.5 1.2 3.2 6.9 4.2 0.5 
C O 14-Mar-05 218 125 18.5 7.7 1.2 3.1 6.9 3.9 7800 O 21-Mar-05 225 119 18.3 7.6 1.0 3.3 6.9 3.7 22 -224 0.3 
28-Mar-05 232 124 18.4 7.6 1.3 3.1 6.8 3.5 7720 7.4 0.5 
o 
o 4-Apr-05 239 117 18.8 7.7 1.3 3.3 6.9 6.7 23 -214 0.4 
8 11-Apr-05 246 113 19.1 7.8 1.5 3.4 6.9 6.6 7880 
CM 16-Apr-05 251 115 18.4 7.6 1.2 3.2 6.8 6.6 7.9 0.3 
C 21^Apr-05 256 118 18.7 7.7 1.2 3.3 6.9 6.6 7920 23 -236 
O 26-Apr-05 261 112 18.7 7.6 1.3 3.3 6.9 6.5 0.4 
1-May-05 266 110 18.6 7.5 1.3 3.3 6.9 6.5 7760 -230 
o 
o 6-May-05 271 106 18.4 7.7 1.3 3.2 6.7 6.6 7.6 23 0.4 
1 
11-May-05 276 114 18.7 7.5 1.5 3.3 6.9 6.4 
16-May-05 281 104 18.6 7.6 1.3 3.3 6.8 6.5 7540 -225 0.3 
21-May-05 286 107 18.6 7.5 1.5 3.2 6.8 6.5 8.1 0.3 
Table A.4 Oxic effluent characteristics for various configurations 
Oxic Effluent Characteristics (as mg/L where applicable) 
Date Time, d sCOD TN NHJ -N NO2"-N NOA-N Org-N TP TSS pH T°C ORP, mV D.O. 
9-Aug-04 1 77 23.3 7.9 0.8 6.1 8.9 5.6 8820 7.4 23 93 2.8 
10-Aug-04 2 68 23.6 7.4 1.1 6.8 8.7 5.3 8180 21 102 3.1 
11-Aug-04 3 54 23.9 7.2 1.3 7.1 8.7 4.9 7540 2.7 
12-Aug-04 4 51 23.6 6.9 1.4 7.3 8.4 5.0 7340 7.6 22 112 3.6 
LL 
z 13-Aug-04 5 43 23.5 6.7 1.2 7.5 8.5 4.8 7440 3.0 
8 14-Aug-04 6 39 23.3 6.5 1.1 7.9 8.2 4.7 7520 7.3 21.5 117 3.3 
Ê 1 ô-Aug-04 7 36 22.8 6.3 0.8 8.1 8.0 5.0 3.0 Q 
Z 16rAug-04 8 33 22.5 5.9 0.9 8.4 7.7 5.1 7660 22 137 3.2 
3 
z 
23-Aug-04 15 35 22.0 5.2 0.6 9.3 7.3 5.0 7760 7.5 21 133 2.9 
O 30-Aug-04 22 33 20.6 4.3 0.5 8.7 7.5 4.9 21 79 3.0 
1 
6-Sep-04 29 30 19.0 3.5 0.4 8.3 7.2 5.0 8120 2.9 
—1 13-Sep-04 36 32 17.5 2.6 0.5 7.7 7.1 5.0 7.3 23.5 94 3.6 
o 20-Sep-04 43 32 15.3 1.4 0.3 7.1 6.9 5.2 8420 2.9 
27-Sep-04 50 35 14.5 0.9 0.4 6.9 6.7 5.3 22 112 3.1 
11-0ct-04 64 29 14.0 0.7 0.3 6.7 6.7 5.1 8280 2.7 
25-Oct-04 78 32 13.9 0.8 0.2 6.8 6.5 5.0 2.9 
S-Nov-04 92 34 14.0 0.6 0.3 6.9 6.6 5.1 8060 7.2 22.5 115 2.5 
15-Nov-04 99 34 13.7 0.5 0.4 6.5 6.7 4.9 3.4 
T- 22-Nov-04 106 35 13.4 0.6 0.5 6.3 6.4 4.6 8320 7.0 23 98 2.8 
B 29-Nov-04 113 32 13.5 0.8 0.3 6.3 6.5 4.7 3.1 
o 6-Deo04 120 35 13.1 0.4 0.5 6.1 6.5 4.6 8360 7.1 21.5 98 2.8 
13-Deo04 127 33 13.3 0.7 0.4 6.2 6.4 4.5 3.0 
Table A.4 (cont'd) Oxic effluent characteristics for various configurations 
Oxic Effluent Characteristics (as mg/L where applicable) 
ORP, 
Date Time, d sCOD TN NH,-N NO/ -N NO,-N Org-N TP TSS pH T°C mV D.O. 
20-Dec-04 134 33 10.5 0.5 0.3 4.3 5.8 4.5 8200 7.6 23 93 2.7 
(N 27-Dec-04 141 28 10.2 0.3 0.2 4.1 6.0 4.3 2.8 
O 3-Jan-05 148 31 10.5 0.4 0.3 4.1 6.1 4.2 8020 2.7 
O 10-Jan-05 155 29 10.4 0.6 0.4 4.0 5.8 4.3 7.1 22 92 3.4 
17-Jan-05 162 31 10.2 0.5 0.2 4.1 5.8 4.1 8480 2.9 
24-Jan-05 169 34 12.8 0.4 0.4 6.1 6.3 6.2 3.1 
CO 31-Jan-05 176 32 12.8 0.6 0.3 6.0 6.3 6.2 8440 22 2.6 
c 
o 7-Feb-05 183 33 13.1 0.7 0.4 5.9 6.5 6.4 7.7 107 2.8 
o 14-Feb-05 190 34 12.6 0.4 0.2 6.0 6.4 6.4 8300 21 2.4 
21-Feb-05 197 35 12.8 0.5 0.3 6.1 6.3 6.3 7.8 3.3 
28-Feb-05 204 32 10.5 0.4 0.3 4.1 6.1 6.6 8160 7.2 100 2.7 
7-Mar-05 211 32 10.1 0.3 0.2 3.9 6.1 6.5 22 3.0 
C 
o 14-Mar-05 218 31 10.3 0.6 0.2 3.7 6.2 6.4 8280 2.7 O 21-Mar-05 225 33 10.1 0.4 0.1 4.0 6.0 6.6 24 2.9 
28-Mar-05 232 34 10.0 0.4 0.3 3.7 6.0 6.5 8220 7.0 88 2.6 
8 4-Apr-05 239 35 10.4 0.5 0.3 4.1 5.9 4.2 2.7 
§ 11-Apr-05 246 31 10.9 0.7 0.4 4.3 5.9 4.0 8380 2.6 
5 16-Apr-05 251 34 9.8 0.4 0.2 3.9 5.7 4.1 7.5 3.3 
c 21-Apr-05 256 31 10.2 0.5 0.2 4.1 5.8 4.0 8420 23 108 2.8 
O 26rApr-05 261 30 10.1 0.4 0.3 4.0 5.8 3.9 3.0 
1-May-05 266 26 9.9 0.3 0.3 4.0 5.7 3.9 8240 2.9 
o 
o 6-May-05 271 24 9.9 0.5 0.3 3.8 5.7 4.1 7.2 23 102 3.4 
1 
11-May-05 276 21 10.2 0.3 0.4 4.0 5.9 3.8 2.8 
16-May-05 281 23 10.1 0.4 0.3 4.1 5.7 3.9 8020 3.3 
21-May-05 286 23 9.8 0.3 0.4 3.9 5.6 3.9 7.7 2.6 
Table A.5 Feed characteristics for various mixed liquor/permeate recirculation rates for Conf.2 
Feed Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD BODs TN NH, -N NOz'-N NOa-N Org-N TP TSS pH T°C ORP, mV 
26-May-05 291 510 493 290 45 23 0.2 0.2 21.6 12.4 89 7.5 6 -29 
o 
o 31-May-05 296 503 481 
§ 5-Jun-05 301 519 491 
10-Jun-05 
15-Jun-05 
306 
311 
510 
527 
469 
487 
20-Jun-05 316 523 469 302 44 20 0.1 0.1 25.4 11.2 74 7.6 8 -26 
o 
o 25-Jun-05 321 511 484 
§ 30-Jun-05 326 525 477 
5-Jul-05 
10-Jul-05 
331 
336 
513 
498 
495 
471 
15-Jul-05 341 510 485 
o 
o 20-Jul-05 346 496 481 
§ 25-Jul-05 351 512 482 
CM 30-Jul-05 
4-Aug-05 
356 
361 
509 
501 
477 
491 
280 41 22 0.1 0.1 20.8 11.8 75 7.6 7 -28 
9^Aug-05 366 512 473 
§ 14-Aug-05 371 512 482 
Ô 19-Aug-05 376 506 467 
CO 24-Aug-05 381 511 487 
29-Aug-05 386 502 486 273 42 24 0.1 0.1 18.4 11.4 81 7.8 7 -31 
3-Sep-05 391 515 485 
o 
o 8-Sep-05 396 521 488 
Ô 13-Sep-05 401 518 483 
CM 18-Sep-05 406 508 477 
23-Sep-05 411 518 497 278 40 22 0.1 0.1 21.4 11.3 82 7.6 8 -26 
Table A.6 Anaerobic effluent characteristics for varying mixed liquor/permeate recirculation rates for Conf.2 
Anaerobic Effluent Characteristics (as mg/L where applicable) 
Date Time, d sCOD TN NH3 -N N02- -N NO," -N Org-N TP TSS pH T°C ORP, mV D.O. 
26-May-05 291 154 23.2 11.2 0.6 1.0 10.2 7.8 6260 6.5 22 -357 0.03 
o 
o 31-May-05 296 155 22.4 11.1 0.5 1.0 10.2 7.7 
§ 5-Jun-05 301 152 22.9 11.2 0.5 0.9 10.1 7.7 5980 
10-Jun-05 306 150 21.8 11.2 0.6 10.1 7.7 -375 0.05 
15-Jun-05 311 151 23.1 11.1 0.5 1.0 10.2 7.7 
20-Jun-05 316 153 22.1 11.1 0.4 0.9 10.1 7.6 5970 6.8 23 -351 0.02 
§ 25-Jun-05 321 151 22.8 11.2 0.4 0.9 10.2 7.5 
30-Jun-05 326 150 22.4 11.2 0.3 0.8 10.2 7.5 6220 
5-Jul-05 331 150 22.7 11.1 0.4 0.8 10.1 7.6 -369 0.04 
10-Jui-Oô 336 153 22.0 11.1 0.3 0.8 10.2 7.5 6120 
15-Jul-05 341 153 15.5 7.5 0.4 0.6 6.9 5.8 0.1 
o 
o 20-Jul-05 346 153 15.2 7.5 0.4 0.5 6.9 5.7 6110 -341 
Ô 25-Jul-05 351 150 15.9 7.5 0.4 0.7 6.9 5.5 
CM 30-Jul-05 356 150 15.0 7.5 0.4 0.6 6.9 5.7 6030 6.7 22.5 -350 0.1 
4-Aug-05 361 151 15.6 7.5 0.4 0.6 6.9 5.5 
9-Aug-05 366 152 11.6 5.8 0.3 0.4 5.2 4.2 5930 0.15 
§ 14-Aug-05 371 149 11.9 5.7 0.3 0.5 5.2 4.0 -326 
§ 19-Aug-05 376 153 11.3 5.7 0.3 0.4 5.3 4.1 6020 0.2 
CO 24rAug-05 381 153 12.1 5.7 0.4 0.5 5.2 3.9 
29-Aug-05 386 151 11.4 5.7 0.3 0.4 5.2 4.0 6150 6.8 23 -317 0.15 
3-Sep-05 391 155 15.4 7.5 0.3 0.5 6.9 5.3 
o 
o S-Sep-05 396 152 15.0 7.5 0.5 0.6 6.9 5.2 5950 -344 0.1 
1 13-Sep-05 401 151 15.7 7.5 0.4 0.6 6.9 5.4 
(NI 18-Sep-05 406 153 15.3 7.6 0.4 0.5 6.9 5.3 6010 
23-Sep-05 411 152 15.5 7.5 0.5 0.4 6.8 5.3 6.6 23 -352 0.1 
Table A.7 Anoxic effluent characteristics for varying mixed liquor/permeate recirculation rates for Conf.2 
Anoxic Effluent Characteristics (as mg/L where applicable) 
Date Time, d sCOD TN NH3 -N NO; -N N03- -N Org-N TP TSS pH T°C ORP, mV 0.O. 
26-May-05 291 104 13.8 5.7 0.9 2.4 5.2 5.6 7900 22 -221 
o 
o 31-May-05 296 101 13.4 5.7 0.6 2.3 5.3 5.5 0.5 
1 
5-Jun-05 301 107 13.5 5.7 0.7 2.3 5.2 5.4 7760 7.6 0.5 
10-Jun-05 306 110 13.4 5.8 0.5 2.4 5.2 5.5 -207 
15-Jun-05 311 103 13.6 5.7 0.8 2.4 5.2 5.5 8060 7.6 0.6 
20-Jun-05 316 105 10.4 4.5 0.5 1.7 4.2 4.8 7960 23 -211 
§ 25-Jun-05 321 101 10.4 4.6 0.3 1.6 4.2 4.7 0.6 
1 
30-Jun-05 326 106 10.4 4.6 0.5 1.4 4.3 4.7 7640 7.9 
5-Jul-05 331 103 10.6 4.6 0.6 1.7 4.2 4.9 -192 0.8 
10-Jul-05 336 102 10.4 4.6 0.4 1.5 4.3 4.7 7520 0.7 
15-Jul-05 341 105 13.4 5.7 0.8 2.2 5.2 4.9 -210 0.4 
§ 20-Jul-05 346 103 13.7 5.7 0.9 2.3 5.2 4.8 7860 7.3 
s 
25-Jul-05 351 106 13.5 5.7 0.7 2.3 5.3 4.6 0.4 
CM 30-Jul-05 356 107 13.9 5.7 1.0 2.4 5.3 4.8 7400 22.5 -222 
4-Aug-05 361 105 13.7 5.7 0.9 2.3 5.2 4.6 7.4 0.4 
9-Aug-05 366 102 10.7 4.7 0.6 1.6 4.2 3.6 7740 -225 
O 
O 14^Aug-05 371 105 10.1 4.6 0.4 1.4 4.2 3.3 0.4 
g 
19-Aug-05 376 99 10.3 4.6 0.4 1.4 4.3 3.4 8040 7.6 
CO 24Aug-05 381 102 10.5 4.6 0.7 1.3 4.2 3.3 0.3 
29-Aug-05 386 103 10.2 4.6 0.5 1.4 4.2 3.3 7980 23 -236 0.3 
3-Sep-05 391 108 8.5 3.8 0.4 1.1 3.6 3.6 -216 0.7 
§ 8-Sep-05 396 104 8.0 3.8 0.2 0.8 3.6 3.4 7720 7.6 
g 13-Sep-05 401 107 8.2 3.9 0.3 0.7 3.7 3.7 
CM 18-Sep-05 406 103 8.3 4.0 0.2 0.9 3.6 3.6 7420 0.5 
23-Sep-05 411 105 7.8 3.8 0.3 0.6 3.5 3.5 7.7 23 -198 0.6 
Table A.8 Oxic effluent characteristics for varying mixed liquor/permeate recirculation rates for Conf.2 
Oxic Effluent Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD TN NH3 -N NO2- -N NO," -N Org-N TP TSS pH T°C ORP, mV D.O. %P 
26-May-05 291 22 6.6 0.3 0.3 2.5 3.9 3.6 8380 22 127 3.3 5.9 
o 
o 
31-May-05 296 23 6.0 0.2 0.2 2.3 3.7 3.4 3.2 
1 5-Jun-05 301 20 6.3 0.3 0.4 2.3 3.7 3.3 8060 7.2 3.3 6.4 
10-Jun-05 306 22 6.3 0.4 0.3 2.5 3.5 3.4 2.7 
15-Jun-05 311 20 6.2 0.2 0.4 2.4 3.6 3.4 8560 7.2 3.1 5.9 
20-Jun-05 316 18 5.2 0.1 0.3 2.1 3.1 3.1 8460 23 128 2.5 6.2 
8 25-Jun-05 321 18 4.8 0.3 0.2 1.8 2.9 3.0 3.3 
ô 30-Jun-05 326 18 5.2 0.3 0.4 2.0 2.9 3.0 8240 7.5 2.4 6.5 
*- 5-Jui-Oô 331 17 5.1 0.2 0.3 1.9 3.1 3.2 3.1 
10-Jul-05 336 18 4.8 0.2 0.2 1.8 3.0 3.0 8020 2.8 6.7 
15-Jul-05 341 21 6.4 0.2 0.2 2.1 4.3 2.7 2.9 
O 
o 20-Jul-05 346 19 6.8 0.3 0.3 2.3 4.3 2.5 8360 6.9 3.0 6.8 
§ 25-Jul-05 351 22 6.8 0.3 0.3 2.2 4.4 2.3 3.0 
CN 30-Jul-05 356 20 7.0 0.2 0.4 2.4 4.4 2.5 7860 22.5 116 2.7 7.3 
4-Aug-05 361 21 6.5 0.3 0.2 2.2 4.2 2.2 7.0 3.0 
9-Aug-05 366 23 6.0 0.4 0.2 2.1 3.7 1.6 8220 3.0 7.7 
8 14-Aug-05 371 22 5.6 0.2 0.2 2.1 3.5 1.3 3.2 
1 19-Aug-05 376 25 5.4 0.2 0.3 1.8 3.5 1.4 8540 7.2 2.8 7.5 
CO 24-Aug-05 381 21 5.3 0.3 0.3 1.8 3.3 1.2 3.3 
29-Aug-05 386 24 5.4 0.2 0.3 1.9 3.4 1.3 8480 23 123 2.6 7.7 
3-Sep-05 391 20 4.1 0.2 0.4 1.9 2.0 2.3 3.3 
o 
o 8-Sep-05 396 17 4.1 0.2 0.3 1.7 2.3 2.5 8120 7.2 2.9 7.6 
1 13-Sep-05 401 18 4.2 0.3 0.3 1.6 2.4 2.4 3.1 
CM 18-Sep-05 406 20 4.3 0.4 0.2 1.8 2.3 2.2 7800 2.7 7.8 
23-Sep-05 411 17 3.9 0.2 0.3 1.6 2.2 2.3 7.3 23 c 2.9 
Table A.9 Summary of membrane bioreactor bnr performance for various configurations 
sCOD TN NHs-N NQ2-N NO/ -N Org-N TP TSS pH T°C ORP, mV DO TPfTS 
Feed Average 476.7 42.6 22.9 0.2 0.1 20.7 11.4 75.4 7.7 7.3 -27.3 
± Std.Dev. 10.7 2.0 1.8 0.1 0.0 2.6 0.9 8.4 0.1 0.8 4.2 
Conf.1 Average 154.8 23.6 11.3 0.6 1.4 10.3 8.3 6070.0 7.0 22.3 -380.5 0.0 
1 
± Std.Dev. 2.0 0.4 0.1 0.1 0.1 0.1 0.1 119.4 0.1 1.1 9.2 0.0 
S: Conf.2 Average 154.1 23.0 11.2 0.5 1.2 10.2 8.0 6039.0 6.7 22.8 -364.6 0.0 
LU 
o ± Std.Dev. 3.5 0.5 0.1 0.1 0.1 0.1 0.1 105.1 0.2 0.5 13.0 0.0 
Conf.3 Average 
% ± Std.Dev. 
< Conf.4 Average 
± Std.Dev. 
Conf.1 Average 119.6 27.2 11.3 1.5 4.6 10.3 8.3 7860.0 7.4 22.3 -244.0 0.2 
± Std.Dev. 2.1 0.1 0.1 0.1 0.1 0.1 0.2 28.3 1.1 5.7 0.1 
§ Conf.2 Average 112.3 18.7 7.6 1.3 3.3 6.9 6.6 7757.1 7.8 22.8 -226.2 0.4 
m ± Std.Dev. 4.0 0.2 0.1 0.1 0.1 0.1 0.1 178.7 0.3 0.4 7.7 0.1 § Conf.3 Average 118.4 26.8 11.3 1.3 4.4 10.2 5.7 7730.0 8.0 22.5 -229.0 0.3 O c ± Std.Dev. 1.9 0.2 0.1 0.1 0.0 0.0 0.3 127.3 0.1 0.7 5.7 0.1 
< Conf.4 Average 122.2 18.4 7.6 1.2 3.2 6.9 3.9 7726.7 7.5 21.8 -219.5 0.4 
± Std.Dev. 2.4 0.1 0.1 0.1 0.1 0.1 0.4 70.2 0.1 0.4 6.4 0.1 
Conf.1 Average 33.8 13.4 0.6 0.4 6.3 6.5 4.7 8340.0 7.1 22.3 98.0 3.0 5.1 
± Std.Dev. 1.3 0.2 0.2 0.1 0.1 0.1 0.2 28.3 0.1 1.1 0.0 0.2 0.0 
Conf.2 Average 28.6 10.2 0.4 0.3 4.1 5.8 4.1 8251.4 7.4 22.8 98.8 2.9 5.6 
§ ± Std.Dev. 4.4 0.3 0.1 0.1 0.1 0.1 0.2 185.8 0.3 0.5 7.6 0.3 0.2 
S 
y 
Conf.3 Average 33.6 12.9 0.5 0.3 6.0 6.4 6.3 8370.0 7.8 21.5 107.0 2.8 4.5 
± Std.Dev. 1.1 0.2 0.1 0.1 0.1 0.1 0.1 99.0 0.1 0.7 0.4 0.1 
<5 Conf.4 Average 32.4 10.2 0.4 0.2 3.9 6.1 6.5 8220.0 7.1 23.0 94.0 2.8 5.0 
± Std.Dev. 1.1 0.2 0.1 0.1 0.2 0.1 0.1 60.0 0.1 1.4 8.5 0.2 0.1 
Conf.2 Average 32.2 10.3 0.5 0.3 4.1 5.8 4.0 8400.0 7.5 23.0 108.0 2.9 5.5 
± Std.Dev. 2.2 0.4 0.1 0.1 0.1 0.1 0.1 28.3 0.3 0.0 
Statistical a = 0.05 
sCOD TN NH3-N NO2-N NOS-N Org-N TP TSS PH T°C ORP, mV DO % TP/TS 
100/100 Average 23.3 10.0 0.4 0.3 4.0 5.7 3.9 8130.0 7.5 23.0 102.0 3.0 5.8 
± Std.Dev. 1.8 0.2 0.1 0.1 0.1 0.1 0.1 155.6 0.4 0.3 0.1 
100/200 Average 21.3 6.3 0.3 0.3 2.4 3.7 3.4 8333.3 7.2 22.0 127.0 3.1 6.1 
± Std.Dev. 1.3 0.2 0.1 0.1 0.1 0.1 0.1 253.2 0.0 0.2 0.3 
100/300 Average 17.7 5.1 0.2 0.3 1.9 3.0 3.1 8240.0 7.5 23.0 128.0 2.8 6.5 
± Std.Dev. 0.7 0.2 0.1 0.1 0.1 0.1 0.1 220.0 0.4 0.2 
200/100 Average 20.5 6.7 0.3 0.3 2.2 4.3 2.4 8110.0 7.0 22.5 116.0 2.9 7.0 
± Std.Dev. 1.2 0.2 0.1 0.1 0.1 0.1 0.2 353.6 0.1 0.1 0.3 
300/100 Average 22.8 5.6 0.3 0.3 1.9 3.5 1.4 8413.3 7.2 23.0 123.0 3.0 7.6 
± Std.Dev. 1.5 0.3 0.1 0.1 0.2 0.1 0.2 170.1 0.3 0.1 
200/300 Average 18.5 4.2 0.3 0.3 1.7 2.2 2.3 7960.0 7.3 23.0 #DIV/0! 3.0 7.7 
± Std.Dev. 1.6 0.1 0.1 0.1 0.1 0.2 0.1 226.3 0.1 #DIV/0! #DIV/0! 0.2 0.1 
Statistical a = 0.05 
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APPENDIX B 
EXPERIMENTAL DATA FOR CHAPTER 4 
Table B.1 Feed characteristics for MBR at varying solids residence times 
Feed Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD BODs TN NH3-N NO% N03" Org. N TP TSS pH ToC ORP, MV 
25 12/02/05 3 553 529 338 43.6 23.7 0.3 0.4 19.2 13.1 67 7.3 7 -33 
days 12/06/05 7 572 500 
12/09/05 10 558 489 349 44.1 22.1 0.1 0.3 21.6 12.9 70 7.3 8 -31 
12/13/05 14 549 505 
12/16/05 17 562 501 352 44.5 24.2 0.1 0.5 19.7 13.5 7.2 7 
12/20/05 21 554 483 
12/23/05 24 539 498 
12/27/05 28 557 505 328 45.2 21 0.2 0.3 23.7 13.2 79 7.2 6 -27 
12/28/05 29 551 508 
50 01/01/06 33 503 43.7 21.9 0.3 0.5 21.0 13.7 7.2 7 
days 01/05/06 37 
01/08/06 40 496 42.9 21.6 0.2 0.6 20.5 14.2 7.1 6 
01/12/06 44 -32 
01/15/06 47 484 43.0 23.3 0.3 0.5 18.9 13.5 7.3 7 
01/19/06 51 -28 
01/22/06 54 504 42.5 23.6 0.4 0.6 17.9 13.8 7.1 6 
01/26/06 58 -36 
01/29/06 61 497 41.9 22.8 0.3 0.4 18.4 14.0 7.2 7 -32 
02/02/06 65 
02/05/06 68 498 43.3 23.6 0.2 0.5 19.0 13.5 7.2 7 -28 
75 02/08/06 71 
days 02/10/06 
02/13/06 
73 
76 
516 41.9 21.7 0.2 0.4 19.6 13.7 7.1 7 -36 
02/16/06 79 503 42.7 22.3 0.1 0.5 19.8 13.5 7.2 8 -29 
02/19/06 82 
02/22/06 85 506 43.5 22.4 0.1 0.6 20.4 13.9 7.0 7 -24 
02/25/06 88 
02/28/06 91 518 44.0 23.3 0.2 0.5 20.0 13.7 7.3 7 -32 
Table B.2 Anaerobic effluent characteristics of MBR under varying solids residence times 
Anaerobic Effluent Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD BODs TN NHj-N NO/ NO/ Org. N TP TSS pH ToC ORP, mV 0.O. 
25 12/02/05 3 236 23.7 11.3 0.7 1.5 10.2 8.7 7.0 23 -374 0 
days 12/06/05 7 215 24.1 11.4 0.6 1.5 10.6 9.2 7,300 
12/09/05 10 204 23.8 11.2 0.6 1.4 10.6 9.7 7,020 6.9 21.5 -387 0 
12/13/05 14 193 23.5 11.5 0.4 1.3 10.3 10.2 7,220 
12/16/05 17 197 23.3 11.6 0.4 1.1 10.2 10.7 6,990 -361 
12/20/05 21 194 23.0 11.8 0.3 0.8 10.1 11.2 0 
12/23/05 24 191 21.7 12.1 0.1 0.5 9.0 11.4 7,280 
12/27/05 28 184 21.3 12.3 0.2 0.3 8.5 11.1 6.9 23 -346 0 
12/28/05 29 185 21.1 12.2 0.1 0.2 8.6 11.3 7,420 0 
50 01/01/06 33 180 21.4 12.4 0.1 0.3 8.3 11.5 9,320 7.1 -275 0 
days 01/05/06 37 180.0 21.4 12.4 0.1 0.3 8.3 11.5 9320.0 7.1 0.0 -275.0 0.0 
01/08/06 40 175 21.7 12.6 0.1 0.2 7.8 12.1 10,870 7.0 -310 0 
01/12/06 44 175.0 21.7 12.6 0.1 0.2 7.8 12.1 10870.0 7.0 0.0 -310.0 0.0 
01/15/06 47 163 21.3 12.8 0.1 0.3 7.4 12.6 12,350 6.9 -349 0 
01/19/06 51 163.0 21.3 12.8 0.1 0.3 7.4 12.6 12350.0 6.9 0.0 -349.0 0.0 
01/22/06 54 158 20.9 13.2 0.1 0.2 7.1 13.7 13,710 6.9 -334 0 
01/26/06 58 158.0 20.9 13.2 0.1 0.2 7.1 13.7 13710.0 6.9 0.0 -334.0 0.0 
01/29/06 61 155 21.4 13.3 0.1 0.2 7.0 14.2 14,150 6.8 0.0 -367 0 
02/02/06 65 153 20.7 13.5 0.1 0.2 6.9 14.6 14150.0 6.8 0.0 -367.0 0.0 
02/05/06 68 152 21.1 13.6 0.1 0.1 6.7 14.3 13,390 6.9 -358 0 
75 02/08/06 71 147 21.5 13.5 0.2 0.2 7.6 14.0 15,180 6.9 -370 0 
days 02/10/06 73 147.0 21.5 13.5 0.2 0.2 7.6 14.0 15180.0 6.9 0.0 -370.0 0.0 
02/13/06 76 141 20.9 13.7 0.1 0.1 6.3 14.3 17,300 6.8 -384 0 
02/16/06 79 141.0 20.9 13.7 0.1 0.1 6.3 14.3 17300.0 6.8 0.0 -384.0 0.0 
02/19/06 82 138 21.3 13.9 0.1 0.1 6.1 14.2 18,930 7.0 -378 0 
02/22/06 85 140 20.7 14.1 0.1 0.1 5.8 14.5 19,250 7.0 -391 0 
02/25/06 88 142 21.1 14.3 0.1 0.1 6.6 14.1 18,790 7.0 -391 0 
02/28/06 91 138 20.9 14.1 0.1 0.1 5.5 14.4 18,860 7.0 -391 0 
Table B.3 Anoxie effluent characteristics of MBR under varying solids residence times 
Anoxic Effluent Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD BOD; TN NH3-N NO/ NO/ Org. N TP TSS pH ToC ORP, mV D.O. 
25 12/02/05 3 142 19.5 7.8 1.3 3.3 7.1 6.9 4,140 7.4 23 -240 0.6 
days 12/06/05 7 137 18.9 8.0 1.1 2.9 6.9 6.6 0.4 
12/09/05 10 135 18.5 7.6 1.2 2.5 7.2 7.3 3,760 21.5 -248 
12/13/05 14 129 17.9 8.1 0.8 2.1 6.9 7.9 0.2 
12/16/05 17 123 17.5 8.2 0.4 1.6 7.3 8.3 23 -214 0.3 
12/20/05 21 114 17.4 8.5 0.2 0.9 7.8 8.7 3,420 
12/23/05 24 109 17.1 8.4 0.1 0.5 8.1 8.8 7.3 0.2 
12/27/05 28 106 16.7 8.2 0.1 0.4 8.0 8.5 3,590 23 -236 
12/28/05 29 105 16.6 8.1 0.1 0.3 8.1 8.7 0.3 
50 01/01/06 33 100 15.9 7.9 0.2 0.3 7.5 8.5 4,860 7.2 -210 0.3 
days 01/05/06 37 100.0 0.0 15.9 7.9 0.2 0.3 7.5 8.5 4860.0 7.2 0.0 -210.0 0.3 
01/08/06 40 97 16.2 8.2 0.1 0.1 7.8 8.9 5,910 7.3 -245 0.2 
01/12/06 44 97.0 0.0 16.2 8.2 0.1 0.1 7.8 8.9 5910.0 7.3 0.0 -245.0 0.2 
01/15/06 47 103 16.0 8.5 0.1 0.2 7.2 9.2 6,420 7.1 -238 0.2 
01/19/06 51 103.0 0.0 16.0 8.5 0.1 0.2 7.2 9.2 6420.0 7.1 0.0 -238.0 0.2 
01/22/06 54 94 16.2 7.9 0.1 0.2 8.0 9.7 7,270 7.2 -256 0.2 
01/26/06 58 94.0 0.0 16.2 7.9 0.1 0.2 8.0 9.7 7270.0 7.2 0.0 -256.0 0.2 
01/29/06 61 101 16.3 8.2 0.1 0.3 7.7 10.1 7,180 7.2 -262 0.1 
02/02/06 65 98 16.0 7.4 0.2 0.2 8.2 9.8 
02/05/06 68 95 16.2 7.8 0.1 0.2 8.1 10.3 7,420 7.1 -271 0.1 
75 02/08/06 71 98 15.9 8.0 0.1 0.2 7.6 10.5 8,270 7.2 -275 0.1 
days 02/10/06 73 98.0 0.0 15.9 8.0 0.1 0.2 7.6 10.5 8270.0 7.2 0.0 -275.0 0.1 
02/13/06 76 94 15.5 7.8 0.1 0.3 7.3 10.4 7.2 -268 0.1 
02/16/06 79 90 16.1 8.3 0.0 0.2 7.6 10.7 9,340 7.1 -283 0.1 
02/19/06 82 90.0 0.0 16.1 8.3 0.0 0.2 7.6 10.7 9340.0 7.1 0.0 -283.0 0.1 
02/22/06 85 88 15.8 8.3 0.0 0.2 7.3 10.3 9,710 7.1 -283 0.1 
02/25/06 88 85 15.6 8.0 0.1 0.2 7.3 10.5 7.2 -288 0.1 
02/28/06 91 87 15.9 7.8 0.0 0.1 8.0 10.4 9,530 7.3 -293 0.1 
Table B.4 Oxic effluent characteristics of MBR under varying solids residence times 
Oxic Effluent Characteristics (as mg/L where applicable) 
Date Time, d COD sCOD BOD; TN NHs-N NO/ NO/ Org. N TP TSS pH ToC ORP, mV D.O. %P 
25 12/02/05 3 35 16.7 1.2 3.5 6.5 5.5 4.6 7,520 7.0 23 98 2.8 4.2 
days 12/06/05 7 32 14.2 0.7 2.9 7.2 3.4 4.5 3.1 
12/09/05 10 33 12.8 0.4 2.5 7.0 2.9 4.2 7,190 7.1 21.5 98 2.8 4.9 
12/13/05 14 31 11.5 0.4 2.0 7.3 1.8 3.8 3.0 
12/16/05 17 34 10.3 0.3 1.7 6.9 1.4 3.5 2.7 
12/20/05 21 33 9.6 0.2 1.2 7.0 1.2 3.2 7,360 2.6 4.7 
12/23/05 24 32 9.3 0.3 1.0 6.7 1.3 3.6 7.5 3.3 
12/27/05 28 34 9.4 0.2 0.8 6.5 1.9 3.5 7,440 23 108 2.8 5.3 
12/28/05 29 30 9.3 0.2 0.5 6.4 2.2 3.3 3.0 
50 01/01/06 33 30 9.2 0.2 0.3 6.3 2.4 3.4 8,630 7.5 23 74 2.8 
days 01/05/06 37 30.0 0.0 9.2 0.2 0.3 6.3 2.4 3.5 8630.0 7.5 23.0 74.0 2.8 
01/08/06 40 28 8.8 0.3 0.5 6.2 1.8 3.4 9,890 7.3 22 82 2.7 
01/12/06 44 28.0 0.0 8.8 0.3 0.5 6.2 1.8 3.2 9890.0 7.3 22.0 82.0 2.7 
01/15/06 47 27 8.5 0.2 0.7 6.0 1.6 3.1 11,840 7.2 22.5 68 2.5 5.9 
01/19/06 51 27.0 0.0 8.5 0.2 0.7 6.0 1.6 2.9 11840.0 7.2 22.5 68.0 2.5 
01/22/06 54 32 8.6 0.2 0.5 5.8 2.1 2.8 13,360 7.4 21 94 2.4 6.5 
01/26/06 58 32.0 0.0 8.6 0.2 0.5 5.8 2.1 2.6 13360.0 7.4 21.0 94.0 2.4 
01/29/06 61 28 8.3 0.3 0.8 5.7 1.5 2.7 12,870 7.3 23 78 2.2 6.7 
02/02/06 65 25 8.4 0.3 0.8 5.8 1.5 2.8 
02/05/06 68 24 8.4 0.2 0.8 5.8 1.6 2.8 13,660 7.3 22.5 86 2.1 6.4 
75 02/08/06 71 27 8.2 0.2 0.6 6.1 1.3 3.9 14,200 7.3 21.5 83 2.2 5.7 
days 02/10/06 73 27.0 0.0 8.2 0.2 0.6 6.1 1.3 3.9 14200.0 7.3 21.5 83.0 2.2 
02/13/06 76 25 8.1 0.1 0.9 5.7 1.4 4.5 7.2 22.5 76 2.3 
02/16/06 79 25.0 0.0 8.1 0.1 0.9 5.7 1.4 4.5 0.0 7.2 22.5 76.0 2.3 
02/19/06 82 29 8.1 0.3 0.9 5.9 1.0 5.1 17,860 7.0 23 73 2.0 5.4 
02/22/06 85 27 8.3 0.3 1.1 5.5 1.4 5.4 7.2 22.5 94 1.8 5.8 
02/25/06 88 25 8.2 0.4 1.0 5.6 1.2 5.4 18,490 7.1 22 79 2.0 
02/28/06 91 28 8.4 0.3 1.2 5.6 1.3 5.3 18,060 7.0 22 74 2.0 5.3 
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APPENDIX C 
EXPERIMENTAL DATA FOR CHAPTER 5 
Table C.1 Experimental analysis data for Grundy Center SBR 
COD BODs TN NHj-N N02" N03" TP 
Date Time, min In Out In Out In Out In Out In Out In Out In Out Sludge 
07/11/05 352 29 134 11 43.6 20.8 22.5 2.4 0.2 3.8 0.4 11.1 12.6 6.9 0.02 
07/14/05 612 28 258 14 40.6 18.4 19.8 1.1 0.2 4.1 0.5 9.3 9.8 6.1 0.022 
07/26/05 326 23 132 9 41.4 17.8 21.2 0.9 0.2 2.4 0.4 11.2 10 4.9 0.021 
Decant, min 
08/08/05 15 680 20 375 8 41 4.8 28 1.2 9.7 1.4 
5 28 9 6.4 1.7 1.8 
4 42 14 12.2 3.5 2.9 
3 59 18 14.3 4.8 3.3 
4 63 20 15.4 5.1 3.5 
33.5 11.5 8.3 2.4 2.1 
08/10/05 14 1120 28 610 10 36 4.3 23 1 9 1.2 
4 39 14 6.2 1.5 2.1 
3 44 19 12.7 3.1 2.8 
3 58 23 16.2 4.4 3.1 
35.6 13.4 7.2 1.8 1.8 
Table C.1 (cont'd) Experimental analysis data for Grundy Center SBR 
COD BOD, TN NHrN NOj" NO," TP 
Date Time, min In Out In Out In Out In Out In Out In Out In Out Sludge 
8/17/2005 670 36 392 14 37.8 8.3 21 1.3 0.1 1.6 0.2 2.3 9.4 1.3 2.60% 
8/18/2005 480 32 275 12 41.3 7.6 24 1.8 0.1 1.1 0.3 2.1 8.9 1.1 2.35% 
8/24/2005 530 32 308 16 36.4 7.9 25 1.6 0.2 1.3 0.3 1.9 9.2 0.8 2.50% 
8/25/2005 440 27 268 16 39.1 7.8 22 1.1 OOR 1.4 0.2 1.8 9.6 1.2 2.40% 
9/6/2005 
Influent 
— 
0 690 40.2 19.8 0.2 0.3 9.7 
Fili-DeoAA 0 min 0 31 3.8 1.3 0.9 2.7 1.2 
30 min 30 28 3.6 1.3 1.1 2.1 2.3 
60 min 60 67 6.4 3.8 0.6 0.9 4.1 
90 min 90 134 7.9 4.9 0.2 0.1 6.9 
Aerobic 0 min 90 134 7.9 4.9 0.2 0.1 6.9 
30 min 120 126 7.6 4.4 0.2 0.5 4.7 
60 min 150 94 7.1 3.3 0.4 1.5 2.3 
90 min 180 71 6.7 2 0.8 2.2 1.6 
Anoxic 30 min 210 54 5.8 1.9 0.7 2 1.4 
60 min 240 44 5.3 1.9 0.8 1.6 1.2 
90 min 270 35 4.7 1.9 0.9 1.2 1.2 
Aerobic 36 min 306 29 4.3 1.3 1.1 1.6 0.9 
Settle 54 min 360 26 4.2 1.3 1.1 1.5 0.9 
Supernatant — 
Table C.1 (cont'd) Experimental analysis data for Grundy Center SBR 
Date Time, min 
COD 
In Out 
BODs 
In Out 
TN 
In Out 
NH,-N 
In Out 
NO2" 
In Out 
NO,-
In Out In 
TP 
Out 
9/9/2005 Period Time 
Influent 0 840 38.8 19.4 0.1 0.2 9.9 
Fill-DeoAA 0 min 0 28 3.9 1.5 1.2 1.5 1.2 
30 min 30 28 4.1 2.8 1.3 1.1 2.6 
60 min 60 94 6.8 4.3 0.4 0.3 4.5 
90 min 90 169 7.6 5.1 0.1 0.1 6.5 
Aerobic 0 min 90 169 7.6 5.1 0.1 0.1 6.5 
30 min 120 142 7.2 4.3 0.2 0.6 5.1 
60 min 150 118 6.9 3.2 0.4 1.6 2.7 
90 min 180 94 6.4 1.9 0.8 2.5 1.9 
Anoxic 30 min 210 63 5.5 1.8 0.9 2.1 1.9 
60 min 240 51 4.8 1.8 0.7 1.8 1.7 
90 min 270 42 4.3 1.7 0.6 1.3 1.6 
Aerobic 36 min 306 21 4.1 1.1 1.1 1.7 1.1 
Settle 54 min 360 18 4 1.2 1.1 1.7 1.0 
Supernatant — 542 43 33 
Table C.1 (cont'd) Experimental analysis data for Grundy Center SBR 
sCOD BOD, TN NH,-N NO2- NO/ TP 
Date In Out In Out In Out In Out In Out In Out In Out Sludge 
9/28/2005 490 33 229 7 34.5 5.4 20.7 0.8 12.5 3.3 
10/5/2005 953 30 650 8.9 35.2 2.5 18.7 0.9 7.2 0.8 
10/7/2005 772 42 33.6 2.7 23.2 0.7 7.4 0.7 
10/11/2005 1145 32.2 26.9 1.5 
10/18/2005 598 41 28.8 2.8 17 0.2 5.6 0.3 
10/25/2005 533 47 32.9 3.1 20.9 0.8 7.2 1.6 
10/11/2005 
Influent 1145 24-hr Comp 32.2 1.1 1.5 N/A N/A 
Fill+Decant+ 90 min 0 43 4.9 1.1 4.4 2.5 2.2 
Anaerobic 30 156 5.6 3.5 2.9 2.1 4.1 
60 273 7.3 4.8 1.6 1.8 6.5 
Anoxic (intermit 90 min 90 562 12.3 2.9 3.4 2.9 23.7 
Mixing)* Fill 120 427 13.7 4.7 10 3.4 15.7 
150 215 12.9 5.4 11.4 3.4 12.9 
180 98 10.6 5.5 10 3.2 12.5 
Anoxic 30 min 210 178 12.2 6.1 8.8 3.5 14.5 
Aerobic 96 min 240 188 11.7 4.3 7.5 3.8 16.4 
270 230 10.8 2.9 10 4.1 15.7 
306 223 9.3 1 8.8 5.5 14.0 
Settle 54 min 340 90 6.9 0.9 8.9 4.8 5.1 
360 43 4.9 1.1 4.4 2.5 5.0 
Table C.1 (cont'd) Experimental analysis data for Grundy Center SBR 
10/18/2005 Elapsed COD TN NHj NOz- NOj- TP 
Period Time mg/L mg/L as N mg/L as N mg/L as N Mg/L as N mg/L a: 
Influent 
Fill+Decant+ 90 min 0 38 4.2 0.2 2.5 2.8 1.0 
Anaerobic 45 38 1.1 0.2 2.1 1.1 1.7 
90 51 1 0.09 1.6 0.7 9.0 
Anoxic (intermit 90 min 120 178 11.3 2 1.6 0.7 9.2 
Mixing)* Fill 150 85 10.8 2.4 2 0.9 6.1 
180 108 8 2.63 1.3 1.1 8.3 
Anoxic 30 min 210 103 9.1 2.21 1.9 1 8.6 
Aerobic 96 min 240 108 8.6 1.3 2.3 1.6 8.3 
270 92 7.4 0.5 2.3 2.1 6.4 
306 90 8.3 0.18 2.2 2.2 7.2 
Settle 54 min 340 78 4.8 0.15 2.2 2.5 3.6 
360 45 3.3 0.07 2.6 2.9 0.3 
Supernatant 
Table C.1 (cont'd) Experimental analysis data for Grundy Center SBR 
10/25/2005 
Period 
Elapsed 
Time 
COD 
mg/L 
TN 
mg/L as N 
NH, 
mg/L as N 
NOr 
mg/L as N 
NOr 
mg/L as N 
TP 
mg/L as P TP/TSS 
Influent 
Fill+Decant+ 90 min 
Anaerobic 
Anoxic (intermit 90 min 
Mixing)* Fill 
Anoxic 
Aerobic 
Settle 
30 min 
96 min 
54 min 
0 
90 
120 
150 
180 
210 
240 
270 
306 
350 
53 
86 
66 
59 
68 
68 
68 
66 
74 
29 
1.7 
5.9 
3.3 
6.1 
7.1 
5.9 
6.5 
4.6 
3.9 
3.5 
0.2 
1.9 
2.3 
2.6 
3 
2.9 
2.1 
1.1 
0.5 
0.3 
0 
0 
0.1 
0.1 
0.2 
0.2 
0.3 
0.7 
0.3 
0.1 
0 
1 
1.1 
1.3 
1 
1.7 
1.9 
2.3 
2.2 
2.5 
1.3 
7.1 
4.9 
6.0 
6.4 
6.6 
7.4 
6.1 
6.9 
3.4 
1/5/2006 
Influent 
Fill+Decant* 
Anaerobic 
Anoxic (intermit 
Mixing)* Fill 
Anoxic 
Aerobic 
Settle 
90 min 
90 min 
30 min 
96 min 
54 min 
0 
30 
60 
90 
120 
150 
180 
210 
240 
270 
306 
360 
790 
56 
84 
123 
242 
217 
181 
167 
142 
114 
76 
42 
37 
35.9 
6.6 
5.4 
10 
11.6 
12.4 
11.5 
10.1 
9.8 
10 
10.2 
11.3 
8.5 
26.9 
0.7 
2.1 
4.8 
6.9 
8.7 
9.3 
9.1 
9.2 
7.3 
4.6 
1.2 
0.9 
0.5 
2.3 
2.1 
1.8 
1.3 
0.5 
0.2 
0.2 
0.5 
1.5 
2.9 
2.1 
1.1 
3.6 
3.3 
3.1 
2.9 
2.4 
1.7 
0.8 
0.4 
2.2 
4.1 
7.2 
5.5 
11.4 
2.2 
4.9 
8.5 
8.2 
7.7 
7.5 
7 
6.8 
5.4 
3.7 
2.6 
2.6 
4.80% 
M 
Table C.1 (cont'd) Experimental analysis data for Grundy Center SBR 
1/26/2006 
Period 
Elapsed 
Time 
COD 
mg/L 
TN 
mg/L as N 
NH3 
mg/L as N 
NOz-
mg/L as N 
NOy 
mg/L as N 
TP TP/TSS 
mg/L as P % 
Influent 
Fill+Decant+ 90 min 
Anaerobic 
Anoxic (intermit 90 min 
Mixing)* Fill 
Anoxic 30 min 
Aerobic 96 min 
Settle 55 min 
0 
60 
90 
120 
150 
180 
210 
240 
270 
306 
360 
870 
38 
118 
151 
224 
198 
175 
125 
108 
72 
50 
42 
34.1 
8.3 
8 
9.7 
11 
11 
10.2 
9 
9.4 
8.9 
9.2 
8.1 
27.4 
1.1 
1.8 
4.4 
6.3 
7.9 
8.5 
8.3 
6.5 
3.9 
0.7 
0.6 
0.9 
2.1 
1.8 
1.6 
1.3 
0.6 
0.2 
0.1 
0.6 
1.6 
2.2 
1.6 
1.9 
5.1 
4.4 
3.7 
3.4 
2.5 
1.5 
0.6 
2.3 
3.4 
6.3 
5.9 
10.8 
1.4 
4.7 
9.2 
8.9 
8.1 
7.3 
6.9 
5.3 
3.7 
1.8 
1.8 
5.2 
2/3/2006 
Influent 
Fill+Decant+ 90 min 
Anaerobic 
Anoxic (intermit 90 min 
Mixing)* Fill 
Anoxic 30 min 
Aerobic 96 min 
Settle 54 min 
4.4 
0 
45 
90 
120 
150 
180 
210 
240 
270 
306 
360 
830 
51 
132 
166 
208 
175 
154 
108 
88 
52 
28 
25 
31.1 
6.9 
6.7 
8.8 
8.5 
8.8 
9.4 
9 
9.5 
8.7 
7.1 
6.6 
28.9 
1.2 
2.1 
5.2 
5.9 
7.3 
8.7 
8.5 
7.1 
4.3 
0.4 
0.3 
0.7 
1.8 
1.5 
1.2 
0.9 
0.5 
0.1 
0.1 
0.5 
1.3 
1.8 
1.5 
1.5 
3.9 
3.1 
2.4 
1.7 
1 
0.6 
0.4 
1.9 
3.1 
5.1 
4.8 
10.2 
1.3 
5 
8.1 
7.9 
7.3 
6.8 
6.6 
5.4 
3.1 
2.1 
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Table D.l Summary of default and calibrated kinetic parameters used in BioWin® for biological 
nutrient removal in MBR 
Autotrophic 
Kinetic Parameter Default Range Calibrated Arrhenius 
Max. spec, growth rate 0.90 0.45 - 1.35 0.90 1.072 
Substrate (NH3) half sat. 0.70 0.35 - 1.05 0.70 1 
Oxic endogenous decay rate 0.17 0.085 - 0.255 0.08 1.029 
Anoxic/anaerobic decay rate 0.08 0.04 - 1.2 0.08 1.029 
C02 half sat. for autotrophs 0.01 — 0.01 1 
Heterotrophic 
Max. spec, growth rate 3.20 3.20 3.20 1.029 
Substrate half sat. 5.00 5.00 5.00 1 
Anoxic growth factor 0.50 0.50 0.90 1 
Oxic decay 0.62 0.62 0.30 1.029 
Anoxic/anaerobic decay 0.30 0.30 0.10 1.029 
Hydrolysis rate (AS) 2.10 2.10 3.15 1.029 
Hydrolysis half sat. (AS) 0.06 0.06 0.03 1 
Anoxic hydrolysis factor 0.28 0.28 0.45 1 
Anaerobic hydrolysis factor 0.50 0.50 0.30 1 
Adsorption rate of colloids 0.80 0.80 0.80 1.029 
Ammonification rate 0.04 0.04 0.06 1.029 
Fermentation rate 3.20 3.20 1.60 1.029 
Fermentation half sat. 5.00 5.00 5.00 1 
Anaerobic growth factor (AS) 0.13 0.125 0.05 1 
Hydrolysis rate (AD) 0.10 0.10 0.10 1.05 
Hydrolysis half sat. (AD) 0.15 0.15 0.15 1 
PAO 
Max. spec, growth rate 0.95 0.95 1.50 1 
Max. spec, growth rate, P-limited 0.42 0.42 0.60 1 
Substrate half sat. 0.10 0.10 0.10 1 
Substrate half sat., P-limited 0.05 0.05 0.05 1 
Oxic endogenous decay rate 0.10 0.10 0.15 1 
Anaerobic decay rate 0.04 0.04 0.06 1 
Sequestration rate 6.00 6.00 3.00 1 
Anoxic growth factor 0.33 0.33 0.50 1 
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Table D.2 Kinetic parameters for autotrophs used in BioWin® 
Name Default 
Value 
Unit Explanation 
Max. spec. 0.9 d"1 
growth rate 
Substrate (NH3) 0.7 mg N/L 
half sat. 
Oxic endogenous 0.17 d"1 
decay rate 
Anoxic/anaerobic 0.08 d1 
decay rate 
C02 half sat. for 0.1 mmol/L 
autotrophs 
Determines the maximum attainable growth rate of 
autotrophs if no substrate or DO limitation occurs. This 
parameter is very sensitive, and determines maximum 
nitrification capacity. 
Has an effect on the residual ammonia concentration in 
the effluent. The value is usually low in normal municipal 
plants. 
Decay rate constant under aerobic conditions for 
autotrophic microorganisms - has a major effect on 
available nitrifiers mass, particularly in high SRT systems. 
Decay rate constant under non-aerobic conditions for 
autotrophic microorganisms 
Carbon dioxide is required for cell mass synthesis for 
autotrophs. This is the half saturation constant for C02. 
Its value is not well known. A low value for this constant 
turns off potential C02 limitation, since C02 is always 
equilibrated to the atmospheric concentration. 
Table D.3 Kinetic parameters for heterotrophs used in BioWin® 
Name Default 
Value 
Unit Explanation 
Max. spec. 3.2 d"1 Determines the maximum attainable growth rate of 
growth rate heterotrophs if no substrate or DO limitation occurs. 
This parameter is sensitive only in very high loaded 
plants (short SRT). and determines maximum BOD 
removal capacity. 
Substrate half 5.0 mg Has an effect on the residual soluble substrate (BOD) 
sat. COD/L concentration in the effluent. The value is usually low 
in normal municipal plants. 
Anoxic growth 0.5 - Together with the max. spec, growth rate, determines 
factor the maximum attainable denitrification rate if no DO or 
substrate limitation occurs. 
Aerobic decay 0.62 d"1 Has an effect on endogenous respiration and VSS loss 
during aerobic stabilization. 
Anoxic/anaerobic 0.3 d"1 Decay rate constant when there is no oxygen 
decay available. 
147 
Table D.4 Kinetic parameters for PAO microorganisms used in BioWin® 
Name Default 
Value 
Unit Explanation 
Max. spec. 0.95 d"1 Determines the maximum attainable growth rate of 
growth rate phosphorus accumulating heterotrophic organisms if no 
substrate, DO or phosphorus limitation occurs. 
Max. spec. 0.42 d'1 Determines the maximum attainable growth rate of 
growth rate, phosphorus accumulating heterotrophic organisms under 
P-limited phosphorus limiting conditions. 
Substrate 0.1 mg Half saturation constant for PHA, used as substrate by 
half sat. COD/L phosphorus accumulating organisms. 
Substrate 0.05 mg Half saturation constant for PHA, under phosphorus limiting 
half sat., P- COD/L conditions. 
limited 
Magnesium 0.1 mg/L Half saturation constant for Magnesium storage during PAO 
half sat. synthesis. 
Cation half 0.1 meq/L Half saturation constant for cation (primarily potassium) 
sat. storage during PAO synthesis. 
Oxic 0.1 d"1 Decay rate constant in aerobic conditions. 
endogenous 
decay rate 
Anaerobic 0.04 d"1 Decay rate constant when there is no oxygen available. 
decay rate 
d"1 Sequestration 6.0 Rate constant for VFA sequestration to form PHA (stored 
rate substrate). 
Anoxic 0.33 - Together with the max. spec, growth rate, determines the 
growth factor maximum attainable growth rate if nitrate is available only as 
electron acceptor (and no substrate limitation occurs). 
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Table D.5 Stoichiometric parameters for autotrophs used in BioWin® 
Name Default 
Value 
Unit Explanation 
Yield 0.24 mg COD/mg N Autotrophic biomass produced by 
oxidizing 1 mg of ammonia. 
N in biomass 0.07 mg N/ mg COD N content of autotrophs. 
N in inert 0.07 mg N/ mg COD N content of endogenous residue 
originating from autotrophic decay. 
P in biomass 0.022 mg P/ mg COD P content of autotrophs. 
P in inert 0.022 mg P/ mg COD P content of endogenous residue 
originating from autotrophic decay. 
Fraction to 0.08 - Fraction of biomass that becomes inert 
endogenous upon decay. 
residue 
COD:VSS ratio 1.42 mg COD/mg VSS Conversion factor between biomass as 
measured in COD and its VSS content. 
This value is relatively stable for biomass. 
Table D.6 Stoichiometric parameters for heterotrophs used in BioWin® 
Name Default 
Value 
Unit Explanation 
Yield 0.666 mg COD/mg Amount of biomass produced using one unit of 
(Aerobic) COD substrate. The rest of the substrate will be oxidized. 
This parameter is very stable in municipal plants 
and seldom needs adjustment. In case there is a 
mismatch between measured and simulated sludge 
production and OUR, try adjusting the influent fup 
(unbiodegradable particulate COD fraction) 
parameter or check wastage and SRT. 
N in 0.07 mg N/mg COD N content of heterotrophs. Has a significant effect 
Biomass on nitrogen availability for nitrification and therefore 
oxygen demand. 
N in Inert 0.07 mg N/mg COD N content of endogenous residue originating from 
heterotrophic decay. 
P in 0.022 mg P/mg COD P content of heterotrophs. Determines the 
Biomass phosphorus removal in non bio-P systems, and the 
phosphorus content of the sludge. 
P in Inert 0.022 mg P/mg COD P content of endogenous residue originating from 
heterotrophic decay. 
Endogenous 0.08 - Fraction of biomass that becomes inert upon decay. 
Residue 
COD:VSS 1.42 mg COD/mg VSS Conversion factor between biomass as measured in 
Ratio COD and its VSS content. This value is relatively 
stable for biomass. 
Yield 0.54 mg COD/mg Under anoxic conditions the biomass yield is 
(anoxic) COD somewhat lower than under aerobic conditions. 
Yield 0.5 mg COD/mg Methanol as a substrate will be utilized with lower 
methanol COD yield than other typical wastewater components 
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(Aerobic) 
Table D.7 Stoichiometric parameters for PAO microorganisms used in BioWin® 
i Default Unit Explanation 
Value 
Name 
Yield (aerobic) 0.639 
Yield (anoxic) 0.52 
Aerobic P/PHA 0.95 
uptake 
Anoxic P/PHA 0.35 
uptake 
Yield of PHA on 0.889 
sequestration 
N in biomass 0.07 
N in part, inert 0.07 
N in sol. inert 0.07 
P in biomass 0.022 
P in part, inert 0.022 
Fraction to 0.25 
inert part. 
Fraction to 0.2 
inert sol. 
P/Ac release 0.49 
ratio 
COD:VSS Ratio 1.42 
Yield of low PP 0.94 
mg COD/mg COD 
mg COD/mg COD 
mg P/mg COD 
mg P/mg COD 
mg COD/mg COD 
mg N/ mg COD 
mg N/ mg COD 
mg N/ mg COD 
mg P/ mg COD 
mg P/ mg COD 
mg P/mg COD 
mg COD/mg VSS 
mg P/mg P 
Amount of biomass produced using one 
unit of substrate under aerobic 
conditions. The rest of the substrate will 
be oxidized. 
Amount of biomass produced using one 
unit of substrate under anoxic conditions. 
Amount of phosphorus stored per unit of 
PHA oxidized in aerobic conditions 
Amount of phosphorus stored per unit of 
PHA in anoxic conditions. 
Amount of PHA stored when 1 mg of 
acetate or propionate is sequestered. 
N content of phosphorus accumulating 
organisms. Has a significant effect on 
nitrogen availability for nitrification and 
therefore oxygen demand. 
N content of endogenous residue 
originating from phosphorus 
accumulating organism decay. 
N content of soluble inert organics 
originating from phosphorus 
accumulating organism decay. 
P content of phosphorus accumulating 
organisms, not including phosphorus 
stored in the form of PAO 
P content of endogenous residue 
originating from phosphorus 
accumulating organism decay. 
Fraction of biomass that becomes 
particulate inert upon decay. 
Fraction of biomass that becomes soluble 
inert upon decay. 
Amount of phosphorus released for one 
mg of acetate sequestered in the form of 
PHA 
Conversion factor between biomass as 
measured in COD and its VSS content. 
This value is relatively stable for biomass. 
Fraction of phosphorus stored in 
releasable PAO form (rest of phosphorus 
is stored in high molecular weight, non-
releasable PAO) 
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Table D.8 Sensitivity data obtained from BioWin® for various kinetic parameters 
% Variation °/o Variation SSE 
II max specific TN TP COD TN NH3 NOs sP04-P Total 
-50.00 0.39 -2.68 5.52 46.38 0.29 41.09 0.66 93.93 
-44.44 -0.46 -1.79 5.43 44.89 0.12 42.38 0.61 93.42 
-33.33 -1.31 -0.89 5.29 43.43 0.01 43.96 0.56 93.25 
-22.22 -1.77 -0.30 5.20 42.64 0.00 44.76 0.53 93.13 
-11.11 -2.08 0.00 5.20 42.12 0.01 45.29 0.52 93.14 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
11.11 -2.39 0.30 5.11 41.60 0.04 45.97 0.50 93.22 
22.22 -2.55 0.30 5.11 41.34 0.05 46.10 0.50 93.11 
33.33 -2.70 0.30 5.11 41.09 0.06 46.24 0.50 93.00 
50.00 -2.70 0.60 5.06 41.09 0.07 46.51 0.49 93.23 
55.56 -2.78 0.60 5.06 40.96 0.08 46.51 0.49 93.10 
KS-NH3 TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -0.63 0.60 5.06 40.83 0.09 46.65 0.49 93.12 
-42.86 -0.55 0.60 5.06 40.96 0.07 46.51 0.49 93.10 
-28.57 -0.39 0.30 5.11 41.22 0.05 46.24 0.50 93.12 
-14.29 -0.16 0.30 5.11 41.60 0.04 45.97 0.50 93.22 
0.00 0.00 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
14.29 0.16 0.00 5.15 42.12 0.01 45.43 0.52 93.23 
28.57 0.32 -0.30 5.20 42.38 0.00 45.16 0.53 93.27 
50.00 0.55 -0.60 5.24 42.77 0.00 44.76 0.55 93.32 
57.14 0.55 -0.60 5.24 42.77 0.00 44.49 0.55 93.05 
Oxic endogenous decay rate TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -2.85 0.30 5.06 40.83 0.07 46.24 0.50 92.71 
-41.18 -2.70 0.30 5.11 41.09 0.06 46.24 0.50 93.00 
-17.65 -2.47 0.00 5.11 41.47 0.04 45.97 0.52 93.11 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
17.65 -2.01 0.00 5.20 42.25 0.01 45.43 0.52 93.40 
35.29 -1.85 -0.30 5.20 42.51 0.00 45.02 0.53 93.27 
50.00 -1.62 -0.30 5.24 42.90 0.00 44.76 0.53 93.44 
AO/AA decay rate TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -1.31 -0.89 5.29 43.43 0.01 44.09 0.56 93.38 
-25.00 -0.46 -1.49 5.43 44.89 0.10 42.64 0.59 93.65 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
25.00 2.55 -4.46 5.90 50.27 1.19 37.70 0.76 95.82 
50.00 5.56 -7.74 6.40 55.95 3.53 32.95 0.96 99.79 
p max specific TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -0.15 9.52 19.45 45.43 0.02 49.42 0.16 114.48 
-37.50 -0.85 5.95 11.42 44.22 0.02 48.16 0.27 104.10 
-18.75 -1.70 2.38 7.02 42.77 0.02 46.65 0.41 96.88 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
18.75 -2.70 -1.49 4.16 41.09 0.02 44.89 0.59 90.76 
37.50 -3.01 -2.68 3.53 40.58 0.02 44.36 0.66 89.15 
50.00 -3.24 -3.27 3.24 40.20 0.02 43.96 0.69 88.10 
Anoxic growth TN TP COD TN NH3 NO3- SPO4-P Total 
-80.00 9.72 52.98 1.14 64.32 0.02 68.89 1.12 135.50 
-50.00 2.93 14.29 4.04 50.98 0.02 55.20 0.06 110.30 
-40.00 1.62 9.82 4.37 48.58 0.02 52.71 0.15 105.83 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
40.00 -5.17 -5.06 5.57 37.09 0.02 40.70 0.79 84.18 
50.00 -5.79 -6.25 5.66 36.12 0.02 39.69 0.86 82.36 
80.00 -7.72 -8.93 5.90 33.18 0.02 36.60 1.04 76.75 
Aerobic decay TN TP COD TN NH3 NO/ sP04-P Total 
-50.00 -11.34 -38.39 7.34 27.98 0.02 34.81 4.04 74.20 
-35.48 -8.10 -25.00 6.20 32.60 0.02 38.81 2.43 80.07 
-19.35 -5.17 -12.80 5.48 37.09 0.02 42.38 1.32 86.29 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
12.90 -0.69 7.44 5.15 44.49 0.02 47.33 0.22 97.22 
29.03 0.93 15.48 5.34 47.33 0.02 48.86 0.04 101.59 
50.00 2.62 24.40 5.95 50.41 0.02 49.98 0.01 106.38 
AA/AO decay TN TP COD TN NH3 NO/ SPO4-P Total 
-66.67 -3.24 -5.06 5.11 40.20 0.02 44.76 0.79 90.87 
-50.00 -3.01 -3.57 5.15 40.58 0.02 45.02 0.71 91.48 
-33.33 -2.78 -2.38 5.15 40.96 0.02 45.16 0.64 91.93 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
33.33 -1.77 2.68 5.15 42.64 0.02 46.10 0.40 94.32 
50.00 -1.54 3.87 5.15 43.03 0.02 46.38 0.35 94.93 
66.67 -1.31 5.06 5.15 43.43 0.02 46.65 0.30 95.55 
Hydrolysis rate (AS) TN TP COD TN NH3 NO/ SPO4-P Total 
-50.00 0.77 27.38 1.39 47.06 0.02 51.70 0.04 100.21 
-28.57 1.54 19.64 2.72 48.44 0.02 52.56 0.00 103.75 
-14.29 -0.31 9.82 3.80 45.16 0.02 49.14 0.15 98.28 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
9.52 -3.63 -6.55 6.15 39.56 0.02 43.43 0.88 90.05 
19.05 -4.78 -12.80 7.18 37.70 0.02 41.47 1.32 87.70 
50.00 -8.10 -32.44 11.29 32.60 0.02 36.24 3.28 83.43 
Hydrolysis Half Saturation TN TP COD TN NH3 NO/ SPO4-P Total 
-50.00 -4.24 -10.12 6.76 38.56 0.02 42.25 1.12 88.72 
-33.33 -3.47 -5.95 6.10 39.82 0.02 43.56 0.85 90.35 
-16.67 -2.78 -2.68 5.57 40.96 0.02 44.76 0.66 91.96 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
16.67 -1.77 2.38 4.80 42.64 0.02 46.51 0.41 94.38 
33.33 -1.39 4.46 4.54 43.30 0.02 47.20 0.32 95.38 
50.00 -1.08 5.95 4.28 43.82 0.02 47.75 0.27 96.15 
AO Hydrolysis factor TN TP COD TN NH3 NO/ SPO4-P Total 
-50.00 5.56 11.61 3.76 55.95 0.02 60.22 0.11 120.06 
-28.57 2.01 6.55 4.37 49.28 0.02 53.44 0.25 107.36 
-14.29 -0.15 3.27 4.75 45.43 0.02 49.42 0.37 100.00 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
14.29 -4.24 -3.27 5.57 38.56 0.02 42.38 0.69 87.23 
28.57 -5.86 -6.55 6.00 36.00 0.02 39.69 0.88 82.60 
50.00 -7.72 -11.90 6.71 33.18 0.02 36.72 1.25 77.89 
AA Hydrolysis factor TN TP COD TN NH3 NO/ SPO4-P Total 
-80.00 -0.23 59.23 0.23 45.29 0.02 48.72 1.61 95.88 
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-50.00 -0.93 34.23 1.44 44.09 0.02 47.75 0.18 93.49 
-40.00 -1.16 26.79 2.04 43.69 0.02 47.33 0.03 93.13 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
40.00 -3.63 -21.43 9.12 39.56 0.02 43.56 2.07 94.34 
50.00 -4.01 -25.89 10.24 38.94 0.02 42.90 2.53 94.63 
80.00 -5.32 -38.10 13.69 36.84 0.02 40.83 4.00 95.39 
Ammonification rate TN TP COD TN NH3 NO3 sP04-P Total 
-50.00 1.39 -3.57 5.66 48.16 0.02 39.56 0.71 94.12 
-25.00 -1.08 -1.19 5.34 43.82 0.02 43.56 0.58 93.32 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
25.00 -3.01 0.89 5.06 40.58 0.02 46.92 0.48 93.06 
50.00 -3.47 1.19 4.97 39.82 0.02 47.89 0.46 93.16 
Fermentation rate TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -9.18 -0.30 4.33 31.02 0.02 34.46 0.53 70.36 
-25.00 -4.24 0.60 4.88 38.56 0.02 42.25 0.49 86.21 
-12.50 -3.09 0.30 5.02 40.45 0.02 44.22 0.50 90.22 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
12.50 -1.70 0.00 5.24 42.77 0.02 46.65 0.52 95.21 
25.00 -1.23 0.00 5.29 43.56 0.02 47.47 0.52 96.86 
50.00 -0.54 -0.30 5.43 44.76 0.02 48.72 0.53 99.46 
Anaerobic Growth factor TN TP COD TN NH3 NOF SPO4-P Total 
-60.00 -10.80 -4.76 4.12 28.73 0.02 32.04 0.77 65.68 
-50.00 -9.18 -0.30 4.33 31.02 0.02 34.46 0.53 70.36 
-20.00 -3.70 0.30 4.93 39.44 0.02 43.16 0.50 88.06 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
20.00 -1.39 0.00 5.29 43.30 0.02 47.20 0.52 96.32 
50.00 -0.54 -0.30 5.43 44.76 0.02 48.72 0.53 99.46 
60.00 -0.39 -0.30 5.43 45.02 0.02 49.00 0.53 100.01 
Hydrolysis rate (AD) TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
-40.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
-20.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
20.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
40.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
50.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
p max specific TN TP COD TN NH3 NO3- SPO4-P Total 
-50.00 -0.77 5.36 4.71 44.36 0.02 48.30 0.29 97.68 
-47.37 -0.85 4.46 4.75 44.22 0.02 48.16 0.32 97.49 
-26.32 -1.47 0.30 4.97 43.16 0.02 47.06 0.50 95.72 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
26.32 -3.01 2.08 5.29 40.58 0.02 44.36 0.42 90.67 
50.00 -3.70 5.06 5.38 39.44 0.02 43.16 0.30 88.31 
57.89 -3.94 6.25 5.43 39.06 0.02 42.77 0.26 87.55 
|i max specific-P limited TN TP COD TN NH3 NO3 SPO4-P Total 
-52.38 -2.24 -7.44 5.15 41.86 0.02 45.70 0.94 93.67 
-50.00 -2.24 -6.85 5.15 41.86 0.02 45.70 0.90 93.64 
-28.57 -2.24 -3.87 5.15 41.86 0.02 45.70 0.72 93.46 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
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19.05 -2.24 2.38 5.15 41.86 0.02 45.70 0.41 93.14 
42.86 -2.24 5.36 5.15 41.86 0.02 45.70 0.29 93.03 
50.00 -2.24 6.25 5.15 41.86 0.02 45.70 0.26 92.99 
Oxic endogenous decay rate TN TP COD TN NH3 NO3 sP04-P Total 
-50.00 -2.85 -29.76 2.22 40.83 0.02 46.79 2.96 92.82 
-25.00 -2.39 -14.58 3.80 41.60 0.02 46.38 1.46 93.27 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
25.00 -2.39 13.10 6.20 41.60 0.02 44.76 0.08 92.66 
50.00 -2.78 24.40 7.08 40.96 0.02 43.56 0.01 91.63 
Anaerobic Decay Rate TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -2.08 -13.39 4.80 42.12 0.02 46.24 1.37 94.55 
-25.00 -2.16 -6.55 4.97 41.99 0.02 45.97 0.88 93.84 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
25.00 -2.39 6.55 5.34 41.60 0.02 45.43 0.25 92.64 
50.00 -2.47 12.50 5.52 41.47 0.02 45.16 0.09 92.27 
Sequestration Rate TN TP COD TN NH3 NO3 SPO4-P Total 
-50.00 -9.10 -5.95 5.06 31.14 0.02 34.57 0.85 71.64 
-25.00 -4.17 -1.19 5.11 38.69 0.02 42.38 0.58 86.78 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
25.00 -1.31 1.19 5.11 43.43 0.02 47.33 0.46 96.36 
50.00 -0.77 2.38 5.06 44.36 0.02 48.30 0.41 98.15 
Anoxic Growth factor TN TP COD TN NH3 NO3- SPO4-P Total 
-54.55 -0.08 -14.88 4.88 45.56 0.02 49.56 1.49 101.52 
-50.00 -0.31 -13.69 4.93 45.16 0.02 49.14 1.39 100.64 
-39.39 -0.69 -10.71 4.97 44.49 0.02 48.44 1.17 99.09 
0.00 -2.24 0.00 5.15 41.86 0.02 45.70 0.52 93.25 
21.21 -3.01 5.65 5.24 40.58 0.02 44.36 0.28 90.48 
36.36 -3.55 9.52 5.29 39.69 0.02 43.43 0.16 88.59 
50.00 -4.09 13.10 5.38 38.81 0.02 42.51 0.08 86.81 
